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PREFACE 


m 


The  preface  appearing  in  Volume  1  of  the  Handbook  of  Super-  . 

sonic  Aerodynamics  defines  the  Handbook's  purpose  and  also  traces  the 
sequence  of  everts  leading  to  its  undertaking.  In  accordance  with  the 
criteria  established  at  that  time,  the  subject  matter  of  the  Handbook 
is  selected  on  the  basis  of  anticipated  usefulness  to  all  who  are  ac¬ 
tively  concerned  with  the  design  and  performance  of  supersonic  vehicles.  .  ^ 

Essential  to  this  subject  natter  are  the  properties  of  fluids  in  which 
a  vehicle  operates  or  is  tested  and  the  flight  characteristics  of  the 
vehicle  Itself.  Each  section  of  the  Handbook  therefore  presents  appro¬ 
priate  theory  and  relevant  data  which  are  basic  to  supersonic  aerody¬ 
namics  and  which  conform  to  the  practical  requirements  Imposed  by  the 
criteria. 

• 

A  complete  list  of  Handbook  sections  and  their  status  appears 
on  the  facing  page.  The  unpublished  sections,  now  being  prepared  by 
individual  authors  and  the  Handbook  Staff,  will  be  published  separately 
as  they  become  available. 


Volume  6  of  the  Handbook  series  is  devoted  to  the  design, 
construct! -n,  and  operation  of  test  facilities  such  as  free  jets,  shock 
tubes,  anc  ^ind  tunnels  from  which  a  great  deal  of  aerodynamic  data  is 
obtained.  Section  18,  "Shock  Tubes,"  is  already  available.  Section  17, 
"Ducts,  Nozzles  and  Diffusers,"  and  Section  19,  "Wind-Tunnel  Design," 
are  being  prepared  for  publication.  Section  20,  "Wind  Tunnel  Instrumen¬ 
tation  and  Operation,"  is  published  herewith. 

Section  20  was  prepared  by  R.  J.  Volluz,  who  at  the  time  of 
contract  award  was  Chief  of  the  Wind  Tunnel  Division,  Ordnance  Aero- 
physics  Laboratory,  Daingerf ield,  Texas.  The  manuscript  was  reviewed 
in  its  entirety  by  E.  A.  Bonney  and  H.  P.  Liepman.  Specific  sections 
were  reviewed  by  F.  S.  Billlg,  D.  E.  Harrison,  H.  H.  Hart,  F.  K.  Hill, 

A.  I.  Mahan,  F.  F.  Mobley,  G.  J.  Pietrangeli,  and  others  on  the  staff 
of  the  Applied  Physics  Laboratory.  Much  of  the  excellent  advice  of¬ 
fered  by  these  reviewers  has  been  incorporated  in  the  final  revision. 


•  • 


The  subject  matter  appearing  in  the  Handbook  is  selected  and 
reviewed  by  the  Technical  Reviewing  Committee  at  the  Applied  Physics 
Laboratory,  headed  by  L.  Cronvich.  Constructive  criticism  or  recom- 
mendatlons  relating  to  the  Inclusion  of  suitable  material  in  the  Hand¬ 
book  should  be  directed  to: 


Editor,  Aerodynamics  Handbook  Project 
Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
8621  Georgia  Avenue 

Silver  Spring,  Maryland  • 

The  Handbook  is  printed  and  distributed  by  the  Bureau  of  Naval 
Weapons,  Department  of  the  Navy,  It  is  available  for  public  sale  (see 
Title  Page)  and  is  also  distributed  without  charge  to  an  approved  list 


111 
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of  facilities  and  institutions  actively  engaged  in  national  defense  re¬ 
search  and  development.  Correspondence  relating  to  the  distribution  of 
the  Handbook  should  be  directed  to; 

Chief,  Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Washington  25,  D.  C. 

Improvements  in  the  format,  adopted  for  Section  18  and  con¬ 
sisting  for  the  most  part  of  a  more  concise  running  head  and  consecu¬ 
tively  numbered  pages,  are  continued  herein.  It  has  been  Judged  that 
these  changes  enhance  the  usefulness  of  the  sections  and  offset  any 
sacrifice  to  uniformity  in  the  whole  series. 

The  Handbook  of  Supersonic  Aerodynamics  is  edited  and  pro¬ 
duced  by  the  Handbook  Staff,  which  Includes  Mrs.  Doris  Rupertus,  repro¬ 
duction  copy  typist;  Thomas  Timer,  Mathematical  Assistant;  and  Anthony 
Strank,  Associate  Editor. 


lone  D.  V.  Faro,  Editor 
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Introduction 


1. 


WIND  TUNNEL  INSTRUMENTATION  AND  (NPERATKHI 


1.  Introduction 


The  use  of  special  test  equlpaent  to  Investigate  the  charac¬ 
teristics  of  aerodynasic  surfaces  can  be  traced  to  a  period  beginning 
about  1870,  when  Wenhas  of  England,  Iralnger  and  Vogt  of  Densark,  and 
A.  J.  Wells  of  the  United  States  used  wind  tunnels  to  seasure  the  lift¬ 
ing  effect  of  plane  surfaces  at  various  angles  of  attack.  Within  this 
period  also,  Horatio  Phillips  and  Sir  Hiras  Maxis  of  England  used  wind 

tunnels  to  investigate  the  aerodynasic  characteristics  of  curved  air  # 

foils.  Other  prosinent  experimenters  during  this  period  included 
Lilienthal  of  Germany  and  Langley  of  the  United  States,  both  of  whom 
used  the  "whirling  arm"  to  Investigate  lifting  surfaces. 


Basic  information  relating  to  lifting  surfaces,  controls,  and 
effective  test  procedures,  however,  was  largely  unknown  or  speculative 
when  the  Wright  Brothers  began  their  serious  study  and  experimentation 
in  1899.  Much  of  their  success  therefore  can  be  attributed  to  the  in¬ 
vestigative  techniques.  Including  wind-tunnel  Instrusentatlon,  which 
they  evolved.  In  experiments  conducted  with  their  first  wind  tunnel 
during  late  1901,  they  employed  a  balance  which  measured  lift  and  drag. 
Although  this  balance  Introduced  an  error  of  10^  in  direction  and  ve¬ 
locity  of  the  flowing  air,  the  technique  was  so  successful  that  they 
went  on  to  build  larger  and  more  accurate  equipment. 


With  their  second  wind  tunnel,  the  Wright  Brothers  employed 
a  wire  mesh  and  a  honeycomb  of  sheet  iron  to  control  turbulence  and  to 
Improve  the  quality  of  the  air  flow.  In  their  first  series  of  tests 
with  this  arrangement,  they  tested  more  than  100  plane  and  curved  sur¬ 
faces  at  0  to  90-deg  angle  of  attack.  Their  techniques  improved  as 
their  investigations  continued,  and  they  compiled  much  useful  data  on 
airfoils  and  flow  phenomena.  They  were  the  first  to  achieve  wind-tunnel 
test  results  accurate  enough  for  the  design  of  successful  aircraft. 

These  results  were  applied  first  to  their  gliders  and  then  to  the 
powered  aircraft  they  flew  for  the  first  time  in  December  1903. 

The  entire  technology  of  flight  has  experienced  a  systematic 
and  relatively  rapid  advance  since  the  early  days  of  flying.  Wind- 
tunnel  instrumentation,  particularly,  has  become  varied,  specialized, 
and  highly  accurate,  and  the  modern  wind  tunnel  facility  has  become 
large  and  complex. 


The  engineering  problems  which  arise  during  development  of 
the  modern  wind-tunnel  facility  are  such  like  those  encountered  with  ^ 

high-performance  airplanes  and  missiles.  Increasing  speed  capabilities 
are  invariably  associated  with  increasingly  complex  instrumentation  and 
operational  techniques.  The  development  and  construction  time  needed 
for  a  new  facility  may  exceed  six  years  or  sore.  Additional  problems 
are  introduced  by  a  consistently  changing  "state  of  tbe  art"  and  by  the 
always  disturbing  knowledge  that  future  research  problems  cannot  always 

be  anticipated.  • 


In  addition  to  the  changing  conditions  implied  by  a  changing 
state  of  the  art,  wind-tunnel  facilities  are  confronted  by  special  prob¬ 
lems  of  instrumentation.  The  design  of  new  components,  for  example,  is 
generally  compromised  by  existing  instrumentation  that  is  still  useful 


•  • 
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and  by  the  unique  operational  limitation  at  each  facility.  In  many 
cases,  even  before  a  given  component  has  I '-come  operational,  more 
sophisticated  instrumentation  is  devised.  Kew  operational  procedures 
are  also  frequently  Imposed  upon  a  test  facility  by  the  extremes  in 
testing  environment  (e.g.,  temperature,  pressure,  blow  time)  which  the 
higher  altitude  and  velocity  capabilities  of  new  vehicle  development 
demand.  Any  attempt,  therefore,  to  treat  the  broad  field  of  wind- 
tunnel  instrumentation  in  a  work  such  as  this  must  adhere  closely  to 
an  operational  point  of  view. 

1.1  Objective 


The  objective  of  this  Handbook  Section  is  to  provide  a  com¬ 
pendium  of  useful  rules  and  techniques  for  wind-tunnel  operation  rather 
than  a  completely  organized  guide  to  optimum  solutions.  This  approach 
is  particularly  appropriate  for  subject  matter  which  is  not  easily  pre¬ 
sented  in  conventional  handbook  style  because  of  a  changing  state  of 
the  art  and  a  wide  range  of  instrumentation  requirements  and  techniques. 
The  material  therefore  relies  heavily  on  the  practical  experience  ac¬ 
cumulated  at  some  of  the  prominent  tunnel  facilities  of  the  past  decade. 
Even  though  the  rapid  rate  of  change  may  cause  some  of  these  techniques 
to  become  obsolescent  within  a  relatively  short  time  after  publication 
of  this  Handbook  Section,  most  of  them  should  prove  useful  as  long  as 
wind-tunnel  technology  retains  its  present  character. 


1.2  Organizat ion 


In  view  of  the  diversity  of  subject  matter  in  this  Section, 
an  explanation  of  its  organization  may  prove  useful  to  the  reader. 

The  material  is  arranged  in  two  major  categories  of  Instrumentation 
and  Operation  and  is  supplemented  by  references  to  the  source  material 
used.  The  subsections  dealing  with  Instrumentation  are  further  sub¬ 
divided  into  topics  dealing  with  pressure,  force,  and  emperature  mea¬ 
surements,  and  with  optical  measurement  techniques.  E-  h  topic  in  turn 
then  treats  the  design  and  construction  of  the  basic  el  ments  of  the 
instrumentation,  their  use  and  operation,  and  the  manr*  •  in  which  the 
data  may  be  read  or  recorded  and  analyzed.  The  basic  physical  princi¬ 
ples  and  relevant  equations  as  well  as  the  references  from  which  details 
of  their  derivation  may  be  obtained  are  also  included. 


The  second  major  category  deals  with  integrated  systems  and 
presents  some  account  of  how  the  elements  of  instruments  described  in 
the  first  category  are  used  in  conjunction  with  one  another.  Included 
also  are  appropriate  examples  of  extant  systems. 


It  was  not  possible  in  many  cases  to  provide  source  references 
for  the  material  presented  because  the  information  is  not  readily  avail¬ 
able  in  published  literature,  A  significant  part  of  such  unpublished 
information  was  drawn  from  the  Informal  proceedings  of  the  Supersonic 
Tunnel  Association  whose  members  are  listed  in  the  Acknowledgment.  To 
supplement  the  cited  references,  an  extensive  bibliography  has  been  ex¬ 
tracted  from  Ref.  1  and  included  as  Appendix  A. 


Pressure  Measurement 


2 


2,  Pressure  Measurement 

Pressure  is  one  of  the  significant  properties  of  a  fluid  and 
is  critically  associated  with  aerodynamic  measurement  (Ref.  1).  Pres¬ 
sure  is  characterized  by  a  compressive  stress  exerted  uniformly  in  all 
directions.  It  may  be  regarded  as  a  potential  force  because  in  theory 
its  compressive  work  can  be  completely  recovered.  The  basic  principles 
which  govern  the  measurement  of  pressure  state  that  pressure  acts  nor¬ 
mal  to  a  surface  and  that  pressure  is  proportional  to  the  kinetic 
energy  of  the  random  molecular  motion  per  unit  volume.  Pressure  can 

—  1  —2 

therefore  be  defined  as  the  force  per  unit  area  (ML  T  )  which  a  fluid 
or  a  gas  exerts  on  a  restraining  surface. 


To  define  completely  the  state  of  a  perfect  gas,  it  is  neces¬ 
sary  to  determine  the  pressure  and  one  other  independent  property  of 
the  gas.  Pressure,  density,  and  absolute  temperature  of  a  perfect  gas 
are  related  by 


P  =  pRT 


(2-1) 


where 

p  =  pressure 

p  =  density 

T  =  absolute  temperature 

R  =  constant  for  the  gas  =  1715  ft^/sec^°F  for  air* 

The  steady-flow  energy  equation  for  reversible  adiabatic  flow 
gives  the  relationship  between  the  stagnation  pressure  and  the  static 
pressure  for  the  compressible  perfect  gas, 


y 


M 


(2-2) 


This  equation  gives  the  Mach  number  directly  from  the  ratio  p^/p^. 
However,  since  ( P^  “  Pg^)  is  often  measured  instead  of  the  absolute 
values  of  p^  and  p^,  the  equation  can  be  written 


y 


-j - — - - 

Unless  otherwise  defined  in  the  text  or  in  the  list  of  symbols,  all 
letter  symbols  used  herein  conform  to  the  American  Standards  Associa¬ 
tion  Letter  Symbols  for  Aeronaut  ical  Sc  iences  (ASA  ’>10.7),  ASME,  1954.  • 
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For  the  incompressible  esse  only  the  first  tern  of  the  series  need  be 
considered.  This  term  is  sccurste  to  within  \<f>  error  in  (p^  -  p^)  up 

to  Ksch  0.2.  The  first  two  teras  of  the  series  esn  be  used  to  Mach  0.8 
with  the  same  error,  and  the  first  three  terms  are  accurate  to  Mach  1.0 
with  less  than  0.2^  error. 

Approximations  of  the  foregoing  equation  for  speeds  above 
Mach  1  are  relatively  valueless  for  purposes  of  measurement  because  It 
is  impossible  to  measure  p^  directly  without  a  normal  shock  in  front  of 

the  probe.  Such  a  shock  Is  non-isentropic  and  will  change  the  measured 
stagnation  pressure,  thus  requiring  a  different  relation  (Subsec.  2.2.1). 
By  definition  the  relation  represents  the  true  difference  between  the 
local  stream  and  stagnation  pressures  under  any  conditions,  even  if  the 
value  cannot  be  measured. 

2.1  Static  Pressure  Measurement 

Measurement  of  the  static  or  stream  pressure,  p^,  requires 

that  testing  conditions  be  so  arranged  that  the  stream  cannot  sense  or 
otherwise  recognize  the  presence  of  the  probe.  Thus,  if  a  probe  which 
does  not  distort  the  flow  streamlines  can  be  inserted  in  the  region  of 
the  pressure  measurement,  the  stream  pressure  can  be  measured. 

2.1.1  Inherent  Errors  in  Static  Pressure  Measurement 

A  measuring  instrument,  even  though  it  will  always  disturb 
the  streamlines  to  some  extent,  can  be  so  designed  that  the  stream 
pressure  is  measured  at  some  point  on  the  probe  where  Initial  disturb¬ 
ances  have  subsided  and  the  streamlines  are  once  more  parallel  to  those 
of  the  main  flow.  For  all  stream  pressure  measurements  it  is  essential 
that  this  condition  be  met  or  that  the  flow  be  distorted  in  a  predict¬ 
able  manner  in  order  to  facilitate  calculation  and  calibration  of  the 
ratio  between  indicated  stream  pressure  at  the  tap,  p^,  and  the  pres¬ 
sure  in  the  undisturbed  flow.  A  pressure  tap  on  a  flat  wall  parallel 
to  the  stream  gives  accurate  static  pressure  measurements  where  the  in¬ 
fluence  of  the  tap  is  negligible  (Subsec.  2.1.2). 

The  disturbance  produced  by  any  given  probe  (hence,  the  ac¬ 
curacy  of  its  stream-pressure  measurement)  is  a  function  of  probe  geom¬ 
etry.  The  head  and  stem  cause  the  streamlines  to  curve  with  consequent 
changes  in  local  stream  pressure,  which  are  sensed  many  probe  diameters 
downstream.  Eventually  the  streamlines  tend  to  return  to  their  original 
direction.  It  is  theoretically  impossible  to  employ  a  probe  of  suffi¬ 
cient  length  to  ensure  completely  undlstorted  flow  about  the  pressure 
taps.  However,  this  flow  field  may  be  calculated  for  an  ideal  gas  by 
potential  theory  (Ref.  2),  and  the  errors  in  measurement  predicted. 
Measurements  (Ref.  2)  of  the  local  stream  pressure  on  long  cylinders 
aligned  with  the  flow  are  presented  in  Fig.  2-1. 

Most  common  stream- pressure  probes  have  a  supporting  stem  not 
far  removed  from  the  pressure  taps.  The  presence  of  the  stem  is  sensed 
upstream  and  produces  a  local  variation  from  true  stream  pressure.  This 
effect  is  shown  in  Fig.  2-1  for  a  cylindrical  stem  of  the  same  diameter 
as  the  head.  Although  attempts  have  been  made  to  streamline  the  stem 
in  order  to  reduce  its  disturbing  effect,  a  better  solution  lies  in 
locating  the  pressure  taps  far  enough  upstream  to  avoid  the  effect. 


( 


Prandtl  optlalsed  the  opposing  effects  of  heed  and  sten, 
cancelling  one  error  with  the  other,  thereby  producing  a  compact  probe 
which  reads  stream  pressure  with  a  high  degree  of  accuracy.  This  probe 
is  Illustrated  below. 

Prandtl  NPL  Improved  Form 
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If  stem  effects  are  significant  at  the  tap  location,  care  must  be  exer¬ 
cised  to  maintain  the  stem  effects  uniformly  about  the  probe  or  to 
place  the  pressure  taps  only  on  that  side  of  the  probe  from  which  the 
stem  emerges.  If  pressure  taps  are  distributed  around  the  probe  at  a 

given  section,  an  asymmetric  pressure  distribution  can  produce  Internal  • 

flow  in  the  probe.  This  flow  governs  the  indicated  pressure  and  is  it¬ 
self  a  function  of  internal  geometry. 


2.1.2  Tap  Errors  in  Stat ic  l>ressure  Measurement 


Another  phenomenon  which  will  cause  a  pressure  tap  to  indl-  0 

cate  an  erroneous  stream  pressure  is  the  effect  of  the  hole  itself  upon 
the  flow.  This  error  is  often  ignored  in  aerodynamic  measurements.  Ex¬ 
tensive  work  (Refs.  3  to  7)  upon  water  and  gas  flows  indicates  signifi¬ 
cant  errors  due  to  hole  effects.  Previous  investigators  have  discussed 
the  possible  errors  in  gas  flows,  but  Ref.  8  appears  to  contain  the 
only  measured  data.  Considered  in  Ref.  8  are  holes  normal  to  the 

streamlines,  holes  inclined  upstream  and  downstream,  the  effect  of  0 

mouth  configurations,  the  effect  of  external  and  Internal  burrs,  and 
the  effect  of  boundary- layer  thickness. 


These  phenomena  arise  because  of  the  fact  that  any  finite 
hole  in  the  retaining  wall  will  produce  some  curvature  of  the  stream¬ 
lines  due  to  removal  of  the  constraining  boundary.  The  magnitude  of 

the  effect  obviously  diminishes  with  the  size  of  the  hole.  The  stream-  9 

lines  will  dip  into  a  hole  producing  a  centrifugal  force  field  which 
raises  the  tap  pressure  above  stream  pressure.  The  magnitude  of  the 
excess  depends  upon  the  flow  velocity  and  the  geometry  of  the  hole. 

In  some  cases  separation  of  the  flow  from  the  leading  edge  of  the  bole 
will  produce  local  tap  pressures  below  stream  pressure. 


Any  hole  will  sense  a  pressure  gradient  (across  the  bole  and 
in  the  direction  of  flow)  arising  from  different  flow  phenomena  and 
different  curvatures  of  the  streamlines  at  various  points  inside  the 
hole.  The  hole  Integrates  the  pressure  across  its  entry,  giving  the 
indicated  pressure,  p^.  Pressure  taps  can  be  made  self-compensating 

by  proper  design,  as  indicated  in  Ref.  8. 


Figures  2-2  and  2-3  show  the  errors  associated  with  common 
tap  configurations.  It  was  concluded  that  a  hole  0.020  to  0.040  in.  in 
diameter,  countersunk  a  half  diameter  to  eliminate  burred  orifices,  will 
substantially  eliminate  tap  errors. 
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2.1.3  Mach  Muaber  Effects  on  Static  Pressure  Measuresent 

Up  to  Mach  numbers  of  about  0.7  the  stream-pressure  tube 
(Subsec.  2.1.1)  measures  the  stream- pressure  subject  only  to  the  pre¬ 
viously  mentioned  errors.  However,  at  Mach  numbers  above  0.7  the 
situation  changes;  at  some  Mach  number  between  0.7  and  1.0,  local 
shocks  will  stand  on  the  probe,  altering  the  local  stream-pressure. 

This  phenomenon  was  noted  early  in  the  investigation  of  the  pitot- 
static  tube  (Ref.  9)  bp  a  random  error  of  significant  magnitude  when 
the  stream  approached  Mach  1.0.  Under  these  conditions  the  Indicated 
pressure  depends  on  the  location  of  the  shock  and  may  be  subject  to 
errors  of  the  order  of  6*^  of  the  difference  ( Pj  ~  P®)  • 

Above  a  Mach  number  of  1.0  the  shock  passes  ahead  of  the  tube 
and  stands  before  the  nose  as  a  detached  bow  wave.  The  shock  is  sub¬ 
stantially  normal  Immediately  adjacent  to  the  tube,  allowing  use  of  the 
normal  shock  relations  to  predict  the  difference  between  the  stream 
pressure  immediately  after  the  shock  and  the  true  stream  pressure  ahead 
of  the  shock. 


^  =  2y  „2  _  Y  -  1 
V  +  1  y  +  1 


(2-4) 


This  relation  is  plotted  in  Fig.  2-4,  which  illustrates  the  error  in¬ 
volved  in  the  assumption  that  p^  =  p^  above  Mach  1.0 

As  the  stream-pressure  taps  are  moved  downstream  away  from 
the  shock,  the  indicated  stream-pressure  approaches  the  free-stream 
value  ahead  of  the  shock.  Since  the  shock  is  a  local  disturbance,  the 
stream-pressure  must  ultimately  return  to  the  free-stream  value. 


Using  slender-body  theory,  it  is  possible  to  shape  the  nose 
of  a  pressure  probe  so  that  it  measures  free-stream  static  pressure  in¬ 
dependently  of  Mach  number  at  supersonic  speeds  (Ref.  10).  The  pres¬ 
sure  orifices  can  be  placed  far  enough  forward  that  the  effects  of  the 
boundary  layer  are  insignificant. 
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For  the  probe  shown  previously,  slender-body  theory  gives  the  follo*- 
ing  pressure  coefficient; 


^(*)  =  [p(x)  - 


x=0 


In  X  +  S”(x) 


In  [2A(*)  -  l] 


(2-5) 


+  r  In  (x  -  t)  dS''(t) 

*b 


[r’(x)] 


where 


p^  =  static  pressure  in  the  undisturbed  stress 
R(x)  =  body  radius  at  a  distance  x  fron  the  nose 
S(x)  =  X  ^R(x)J^,  the  body  cross-sectional  area 
S"  =  second  derivative  of  S  with  respect  to  x 

It  can  be  seen  that  becomes  independent  of  M  if  the  orifices 

are  drilled  at  the  point  Xj  when  S''(xj)  =  0.  The  other  terms  in  Cp(xj) 

can  be  made  to  vanish  by  a  suitable  choice  of  S(x)  over  the  interval 
0  <  X  <  X|.  For  example,  S(x)  can  be  expressed  as  a  fourth-degree 

polynomial  in  x  and  the  coefficients  chosen  so  as  to  ma'^e  C  (x.)  =  0. 
The  result  is 


R(x)  =  (fi/Yn)  Vx^  -  0.968  +  0.317 


(2-6) 


where  6  is  a  thickness  parameter  which  can  be  chosen  freely  and  x  has 
been  non-dimenslonallzed  by  dividing  by  X|.  The  resulting  probe  con¬ 
tour  is  shown  in  the  previous  sketch.  Slender-body  theory  shows  that 
the  mean  pressure  in  three  holes  drilled  at  X|,  120  deg  apart  around 

the  circumference  of  the  probe  will  be  the  same  for  a  probe  at  an  angle 
of  yaw  or  aligned  with  the  stream.  (This  is  true  only  when  the  holes 
are  not  manifolded  into  a  common  plenum  in  the  probe,  in  which  case 
there  is  Inflow  and  outflow  through  the  orifices.  This  will  affect  the 
resultant  measurement:  see  Subsec.  2.1.6). 

Experimental  results  for  the  above  probe  are  compared  with 
the  calculated  error  for  a  5-deg  conically  tipped  probe  in  Fig.  2-5, 
where  the  static  pressure  error  is  plotted  versus  Mach  number.  The 
calculated  error  includes  the  uncertainty  due  to  machining  errors  up 
to  0.001  in.  The  results  show  an  almost  constant  error  over  the  Mach 
number  range,  which  may  be  due  to  impe/- feet  ions  in  the  probe  contour. 

Another  static  pressure  probe  (whose  configuration  details 
are  classified)  shows  considerably  less  error  than  the  standard  cone- 
cylinder  probe  and  something  less  than  half  the  error  shown  in  Fig.  2-5. 


•  « 
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Effect  of  Turbulence  on  Static  Preaaure  Meaaureaent 

The  scale  of  turbulence  and  the  nagnitude  of  the  turbulent 
velocities  vary  from  tine  to  time  at  any  location  in  a  given  stream. 
However,  any  given  stream  will  possess  at  any  one  location  an  average 
scale  of  turbulence  and  rms  values  of  the  turbulent  velocity  components. 

Even  though  the  macroscopic  streamlines  of  a  flow  appear  to 
be  straight  and  parallel  over  a  pressure  tap,  a  microscopic  examination 
of  the  flow  will  reveal  turbulent  velocity  components  normal  to  the 
streamlines  of  the  main  flow.  These  components  will  cause  a  stream- 
pressure  tap  to  read  slightly  above  the  local  stream  pressure.  This 
effect  was  noted  (Ref.  9)  as  an  error  of  about  4?^!  in  velocity  for 
pitot-static  tubes.  It  has  been  theoretically  analyzed  (Ref.  11)  and 
experimentally  investigated  (Ref.  12)  in  greater  detail. 

The  pressure  indicated  by  a  pressure  tap,  p^^,  is  the  pres¬ 
sure  of  the  stagnated  gas  inside  the  taphole.  If  the  stream  flows 
smoothly  over  the  hole,  this  pressure  will  be  equal  to  the  stream  pres¬ 
sure,  p^,  as  discussed  before;  but  if  there  are  turbulent  velocity  com¬ 
ponents  directed  into  the  hole,  p^^  would  undoubtedly  be  equal  to  a 
stagnation-pressure  resulting  from  the  local  stream-pressure,  p^^^,  and 
the  component  of  velocity  directed  into  the  hole. 


The  Indicated  stream  pressure  is  given  by 


‘^xi 


1 


p(u’)‘ 


(2-7) 


where 


Pojj  =  indicated  stream  pressure  in  the  turbulent  flow 
®  average  stream-pressure  in  the  turbulent  flow 

u'  =  mean  turbulent  velocity 

p^i  -  p^ 

The  non-dimensional  error,  — ? - t  plotted  as  a  function  of  the 

^  pU 

turbulent  intensity,  u'/u,  in  Fig.  2-6. 

The  results  from  Refs.  13  and  14  indicate  turbulence  levels 
as  high  as  10^  may  be  encountered  behind  obstacles,  depending  on 
Reynolds  number,  flow  configuration,  and  position  downstream  of  the 
obstacle.  It  is  probably  safe  to  state  that  turbulence  levels  as  high 
as  10^  are  a  common  occurrence,  which  according  to  Fig.  2-6  would  in¬ 
dicate  an  error  of  approximately  1'^  in  pressures  measured  in  turbulent 
regions. 
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2.1.5  Effect  of  Noo-Stesdy  Pressures  on  Static  Pressure  Messuresent 

It  Is  often  necessary  to  seasure  stress  and  stagnation  pres¬ 
sures  that  are  pulsating  or  otherwise  unsteady.  Such  seasuresents  at 
best  can  offer  only  an  average  value  of  the  fluctuating  pressures  and 
velocities  in  the  generally  disturbed  flow.  The  reading  will  depend 
not  only  upon  the  variation  in  stress  conditions,  but  also  upon  the 
characteristics  of  the  instrusents  and  the  tine  response  of  lines  and 
pressure  sensing  devices. 

2.1.6  Effect  of  Probe  Misaltgnsent  on  Static  Pressure  Messuresent s 

If  the  probe  axis  deviates  fros  the  true  stress  direction, 
the  streaslines  will  be  distorted  along  the  entire  probe  (see  Sub¬ 
sec.  2.1.3).  Such  distortion  will  of  course  produce  local  stress- 
pressures  differing  fros  that  of 'the  undisturbed  flow.  If  the  devia¬ 
tion  is  large  enough  the  flow  will  separate  on  the  downstreas  surface 
of  the  probe  and  will  produce  pressure  gradients  around  the  clrcus- 
ference  of  the  probe.  If  the  probe  is  equipped  with  pressure  taps 
around  its  clrcusference  and  is  vented  into  a  cosson  duct  the  pressure 
gradients  will  produce  internal  flow,  causing  the  indicated  pressure 
to  depend  partly  on  the  Internal  geosetry.  It  is  therefore  difficult 
to  predict  how  a  slsaligned  stream- pressure  tube  will  behave  in  any 
actual  case,  although  it  can  be  said  that  all  such  devices  are  very 
sensitive  to  yaw  or  pitch.  In  cases  where  it  is  necessary  to  measure 
the  stream  'Pressure  in  a  flow  of  unknown  angularity,  the  probe  must  be 
callbrateo  >n  a  flow  of  known  angularity  as  a  function  of  Inclination 
to  the  flow.  The  use  of  a  conical  probe  with  four  separate  orifices 
is  recommended  for  such  cases. 

2.1.7  Effect  of  Velocity  Gradients  on  Static  Pressure  Measurements 

When  a  stream-pressure  probe  is  standing  in  a  transverse  ve¬ 
locity  gradient,  the  effects  of  the  probe  head  and  stem  can  be  separa¬ 
ted.  For  the  case  of  a  long  cylindrical  probe  aligned  with  the  stream, 
for  example,  no  gradient  in  stream  pressure  can  exist  if  the  stream¬ 
lines  are  straight  and  parallel.  However,  there  is  a  gradient  in 
velocity  which  results  in  a  gradient  in  stagnation  pressure.  The  fluid 
which  is  stagnated  by  the  nose  of  the  probe  will  therefore  be  subject 
to  a  pressure  gradient  Increasing  toward  the  region  of  higher  velocity. 
The  r:. suiting  surface  pressure  gradient  will  cause  a  flo"/  in  the  bound¬ 
ary  layer  which  results  in  a  slight  downwasb  of  the  stream  in  the  vicin¬ 
ity  of  the  probe.  In  addition,  viscous  forces  along  the  tube  surface 
are  of  greater  strength  in  the  region  of  higher  velocity.  This  effect 
will  also  contribute  t  i  the  downwash  in  the  direction  of  the  region  of 
lower  velocity.  The  effect  of  downwash  on  a  stream-pressure  measure¬ 
ment  is  probably  similar  to  a  slight  yaw  of  the  probe  in  a  uniform 
stream. 


The  probe's  stem  may  also  exert  an  Influence  in  the  vicinity 
of  the  pressure  taps.  In  a  velocity  gradient  the  leading  edge  of  the 
stem  will  sense  a  stagnation-pressure  gradient  which  increases  toward 
the  region  of  higher  velocity.  A  downwash  of  fluid  appears  along  the 
leading  edge  oi  the  stem  toward  the  region  of  lower  velocity.  This 
stem  downwash  may  distort  the  streamlines  about  the  pressure  taps  and 
thus  Introduce  an  error  in  measurement.  This  source  of  error  is  best 
eliminated  by  locating  the  pressure  taps  far  enough  away  that  they  are 
not  influenced  by  the  stem.  The  16  diameters  between  stem  and  taps 
employed  on  the  "improved"  probe  shown  in  Subsec.  2.1.1  are  probably 
suf f Iclent . 


In  boundary- layer  measurements,  the  near  presence  of  a  wall 
will  constrain  the  downwash  and  alter  its  effects  upon  the  measurement. 
For  this  and  other  reasons  stream-pressure  probes  are  not  recommended 
for  boundary- layer  measurements.  The  wall  tap  or  stagnation-pressure 
probe  is  usually  employed  with  satisfactory  results  for  boundary- layer 
measurements . 

2.1.8  Reynolds  Number  Effects  on  Static  Pressure  Measurements 

Reynolds  number  is  proportional  to  the  ratio  of  dynamic  and 
viscous  forces  acting  on  a  gas  flow.  The  viscous  forces  set  up  ve¬ 
locity  gradients  on  the  probe,  but  as  long  as  the  gradients  are  sym¬ 
metric  no  variation  in  Indicated  stream-pressure  with  Reynolds  number 
would  be  expected.  At  extremely  low  densities,  l.e.,  low  Reynolds  num¬ 
bers,  the  gas  enters  a  region  of  free  molecular  flow.  Under  these 
conditions  an  erroneous  stream  pressure  indication  might  be  expected 
due  to  molecular  velocity  components  directed  into  the  pressure  tap. 

An  analysis  similar  to  that  employed  in  dealing  with  turbulence  should 
predict  the  magnitude  of  the  error  (Ref.  15). 


m 


2.1.9  other  Means  of  Stat ic  Pressure  Measurement 

Attempts  have  been  made  (Ref.  16)  to  construct  self-aligning 
instruments  in  order  to  eliminate  errors  due  to  yaw  and  pitch  in  sub-  0 

sonic  and  supersonic  streams.  These  devices  consist  of  either  a  tube 
or  a  flat  plate  in  gimbals  with  one  or  two  degrees  of  freedom.  Such 
Instruments  are  usually  considerably  larger  than  a  simple  probe,  and 
their  use  in  many  cases  is  therefore  restricted. 


The  use  of  uncalibrated  cones  and  wedges  is  reported  in 
Refs.  17  and  18.  The  stream  pressure  at  the  pressure  taps  is  calcu¬ 
lated  by  two-  or  three-dimensional  compressible- flow  theory  (see  Sub¬ 
sec.  2.4).  This  method  is  Quite  accurate  but  offers  little  advantage 
in  subsonic  flow  over  th*  sample  cylindrical  probe. 


One  interesting  development  of  a  static  pressure  probe  for 
subsonic  speeds  th''t  is  relatively  insensitive  to  deviations  in  flow 
direction  is  reported  in  Ref.  19  and  is  commercially  available.  It 
consists  of  a  small  1/8-in.  diameter  sphere  supported  by  a  thin  stem 
placed  downstream  of  the  sphere.  The  pressure  measured  by  a  ring  of 
minute  holes  just  behind  the  sphere  proved  to  be  essentially  independ¬ 
ent  of  airstream  direction  for  a  large  range  of  pitch  and  yaw  angles. 
This  wake  pressure  was  found  to  be  below  true  static  pressure  by  an 
amount  K(p^  -  p^),  where  K  was  a  function  of  the  Mach  and  Reynolds  num¬ 
bers  and  of  turbulence  level.  A  pair  of  separation  rings  added  to  the 
sphere  fixed  the  character  of  the  wake  and  reduced  the  dependence  of 
K  on  Reynolds  number  and  Mach  number  for  the  subsonic  flow.  The  stem 
support  configuration  was  chosen  to  maximize  insensitivity  to  pitch 
and  to  place  the  zero-pitch  angle  in  the  center  of  the  usable  range. 
The  probe  permits  determination  of  time-average  static  pressure  with 
an  error  of  less  than  2'^  of  velocity  head,  despite  flow  direction  de¬ 
viation  of  +  45  deg  in  yaw  or  -17  to  +35  deg  in  pitch  at  450  fps.  At 
any  other  velocity  between  100  to  1000  fps,  angle  ranges  are  compar¬ 
able  but  slightly  reduced.  Its  one  disadvantage  is  that  it  requires 
an  auxiliary  reading  of  total  head  (e.g,,  with  a  standard  kiel  probe, 
see  Subsec.  2.2.2). 
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Pressure  Measurement 


2.2.1 


The  development  of  a  method  for  measuring  pressure  on  oscil¬ 
lating  wings  using  a  thin  pressure-sensitive  probe  traversing  the  wing 
in  a  chordwise  direction  but  not  In  contact  with  It  Is  treated  In 
Ref.  20. 

2.2  Stagnat Ion  Pressure  Measurement 


The  stagnation  pressure,  p^,  is  often  called  the  "total," 

the  "impact,"  or  the  "pitot"  pressure.  More  accurately  the  Impact  and 
pitot  pressures  are  measured  behind  a  normal  shock  and  corrected  to 
the  stagnation  pressure  bv  means  of  the  Rayleigh  formula. 


Stagnation  pressure  is  measured  by  means  of  a  tap  at  the 
stagnation  point  of  a  body  inserted  into  the  stream.  This  immersed 
body  may  have  any  shape,  although  a  simple  cylindrical  tube  with  axis 
aligned  to  the  flow  direction  has  advantages.  It  is  assumed  that  stag¬ 
nation  of  the  flow  takes  place  with  such  rapidity  that  heat  transfer 
and  frictional  effects  are  negligible.  This  assumption  has  been  ex¬ 
perimentally  checked  (Ref.  9)  and  appears  to  be  true  within  0.2'f  error 
to  Mach  number  1.0.  In  the  absence  of  a  transverse  velocity  gradient, 
the  downstream  probe  geometry  has  no  measurable  effect  (Ref.  2),  even 
with  the  stem  at  the  leading  edge  (see  Subsec.  2.2.5).  In  the  usual 
range  of  investigations,  the  stagnation-pressure  tube  is  insensitive 
to  tube  geometry,  Mach  and  Reynolds  number  effects,  and  considerable 
misalignment.  A  summary  of  pertinent  information  for  the  designer  and 
user  may  be  found  in  Ref.  21. 

2.2.1  Supersonic  Mach  Number  Ef fects  on  Stagnat ion  Pressure 

Measurement 

The  relation  between  p^,  p^,  and  the  velocity  or  Mach  number 

given  in  Eq.  2-3  holds  up  to  Mach  1.0.  Above  Mach  1.0  the  measurement 
is  affected  by  a  detached  shock.  Since  the  streamline  entering  the 
pressure  orifice  passes  through  the  bow  shock  at  normal  incidence  and 
the  fluid  is  then  brought  to  rest  from  a  subsonic  velocity,  the  stag¬ 
nation  pressure  probe  will  measure  the  stagnation  pressure  downstream 
of  the  normal  shock  which  differs  from  the  value  upstream.  The  magni¬ 
tude  of  the  difference  depends  upon  the  strength  of  the  shock,  a  func¬ 
tion  of  Mach  number,  and  the  ratio  of  specific  heats,  y.  This  relation, 
commonly  called  the  Rayleigh  formula,  is  given  for  M  >  1.0  by 


‘’t  ^  2y 


_  r  (y  -  1)  M^  H- 

^  L  (y  +  1)  m’-* 


(2-8) 


where 

stagnation  pressure  before  the  shock 
stagnation  pressure  after  the  shock 
free-stream  Mach  number. 

Figure  2-4,  in  which  the  Rayleigh  formula  is  plotted,  illus¬ 
trates  the  error  in  assuming  p^  =  p^  for  the  supersonic  flow  of  aj,r.' 


2.2.2 
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2.2.2  Effect  of  Yew  on  Stegnetion  Pressure  Meesuresent 

In  Bost  experlsents  the  stress  direction  is  only  approx Isetely 
known  or  else  is  to  be  detersined.  It  is  necessary  to  Vnow  the  error 
due  to  a  probable  yaw  of  the  stagnation  probe  or,  better,  to  use  a  tube 
which  is  insensitive  to  large  angles  of  yaw. 

The  cosBon  cylindrical  tube  with  square  leading  edge  possesses 
sufficient  yaw  insensitivity  for  sost  applications.  The  characteristics 
of  this  probe  are  presented  in  Figs.  2-7  to  2-10.  A  fairly  coBplete  de¬ 
sign  criteria  for  predicting  the  yaw  sensitivity  of  stagnation-pressure 
probes  in  subsonic  and  supersonic  flows  is  presented  in  a  series  of 
NACA  reports  (Refs.  22  to  25)  which  resulted  froa  extensive  experiaental 
Investigation.  The  data  in  these  reports  are  presented  in  terns  of  a 
given  probe's  "critical  angle,"  l.e.,  the  angle  of  attack  at  which  the 

u2 

error  in  reading  p^  reaches  +1^  of  the  indicated  dynaaic  head,  (^^) . 

The  least  sensitive  probes  are  the  venturi-shrouded  or  Kiel  probes 
whose  configuration  and  perfornance  are  shown  in  Fig.  2-11.  Of  the  sta¬ 
ple  probes,  those  with  cylindrical  heads  are  less  sensitive  to  yaw  than 
those  with  conical  heads,  which  in  turn  are  less  sensitive  than  ogival 
heads.  The  least  sensitive  tubes  were  those  having  the  largest  pressure 
orifice  for  their  size,  the  sharpest  leading  edges,  and  the  saallest  in¬ 
ternal  and  external  bevels.  Flg^ures  2-7  to  2-10  show  their  effects. 

It  can  be  seen  that  all  staple  tubes  have  critical  angles  approxiaating 
+15  deg  in  subsonic  flow,  while  in  supersonic  flow  the  critical  angle 
is  usually  larger  by  4  to  10  deg.  For  example,  at  Mach  numbr  •'  1.50, 

Ref.  26  Indicates  that  the  measured  stagnation  pressure,  p^,  is  con¬ 
stant  up  to  an  inclination  of  22.4  deg  and  shows  a  \<if  error  at  28  deg. 

2.2.3  Shrouded  Stagnation  Probe 

Using  a  flow  visualization  technique.  Riel  (Ref.  27)  deaon- 
strated  that  a  yawed  venturi  tube  maintained  its  internal  streamlines 
parallel  to  the  venturi  axis  up  to  angles  of  about  +40  deg  yaw.  By 
Fuler's  equation,  the  stagnation  pressure  is  shown  to  be  constant  along 
a  streamline  in  frictionless  flow;  thus  a  stagnation  pressure  tube 
placed  inside  the  venturi  should  read  the  correct  value.  At  yaw  angles 
greater  than  40  deg,  flow  separation  occurs  at  the  mouth  of  the  venturi 
and  causes  errors  that  increase  rapidly  with  yaw  angle.  In  spite  of 
many  aodif Icat ions  (Refs.  28  and  29)  to  Riel’s  original  design,  little 
improvement  has  been  realized  through  any  geometric  change  except  round¬ 
ing  the  Bouth.  This  aodif icat ion  delays  leading  edge  separation  and 
permits  about  20  deg  more  yaw  with  an  error  of  less  than  of  the 
dynamic  head.  Riel's  probe,  its  best  modification,  and  their  perform¬ 
ance  are  Illustrated  in  Fig.  2-11.  These  probes  are  commercially  avail¬ 
able. 


vj/ 
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2.2.4  Effects  of  Viscosity  on  Stagnation  Pressure  Measurement 

At  very  low  velocities  it  might  be  expected  that  viscous 
forces  would  cause  the  deceleration  of  the  fluid  to  deviate  from  an 
isentroplc  process.  This  effect  can  be  anticipated  froa  the  low 
Reynolds  number  and  the  fact  that  stagnation  is  no  longer  an  instan¬ 
taneous  process  as  assumed  previously. 
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2.2.6 


The  first  direct  investigation  of  the  stagnation  pressure 
tube  at  low  Reynolds  number  was  carried  out  in  water  (Ref.  30).  Evi¬ 
dence  from  subsequent  investigations  (Refs.  31  to  34)  appears  to  cor¬ 
roborate  the  initial  work,  which  indicates  that  the  stagnation  pressure 
is  correctly  given  down  to  a  Reynolds  number  of  30  (based  on  the  radius 
of  the  pressure  orifice).  Below  this  Reynolds  number  a  viscous  effect 
causes  the  indicated  stagnation  pressure,  p^,  to  be  higher  than  Its 
true  value. 

The  Stokes  solution  for  flow  about  a  sphere  at  low  Reynolds 
numbers  has  been  applied  to  explain  experimental  results  for  a  tube 
which  probably  had  a  hemispherical  leading  edge.  The  derived  relation¬ 
ship  (Ref.  30)  is 


P® 

7- 


(2-9) 


where 


Re 

r 


pUr  <  30 
P 

radius  of  the  stagnation  pressure  orifice. 


The  extra  term  represents  an  error  which  increases  with  decreasing  ve¬ 
locity.  From  a  more  precise  measurement  (Ref.  34)  a  similar  criterion 
for  the  critical  Reynolds  number  was  found;  here  It  was  Indicated  that 
the  last  term  of  the  above  equation  should  be  5.6/Re.  Figure  2-12  il¬ 
lustrates  this  effect  and  the  corresponding  error.  These  results  are 
recommended  as  the  best  data  available. 


Reynolds  numbers  of  the  order  of  30  (corresponding  to  a  ve¬ 
locity  of  12  fps  in  atmospheric  air  using  a  tube  of  0.010-in.  diameter) 
are  rarely  encountered  except  in  exploration  of  the  boundary  layer  and 
at  low  densities  (Subsec.  2.2.10).  Boundary- layer  explorations  also 
suffer  from  effects  of  steep  velocity  gradients  (Subsec.  2.2.6)  which 
in  combination  with  the  viscous  phenomena  above  can  produce  serious 
errors  in  stagnation- pressure  measurements. 

2.2.5  Minionim  Spacing  for  Total  Pressure  Probes 


Wind  tunnel  tests  were  conducted  (Ref.  35)  to  determine  the 
minimum  critical  spacing  between  total  pressure  probes  for  a  Mach  num¬ 
ber  range  of  approxiouitely  1.9  through  3.7.  The  results  of  these  tests 
indicated  that  no  significant  interference  effects  occurred  at  any  spac¬ 
ing  up  to  and  including  contact  for  two  cylindrical  probes  tested  in 
the  free  stream.  Results  of  measurements  in  the  boundary  layer  were 
not  as  conclusive.  The  pressure  profiles  measured  by  a  blunt-edged 
wedge  rake  having  zero- length  probes  were  in  error;  however,  indica¬ 
tions  were  that  useful  approximations  could  be  obtained  from  them. 


2.2.6  E^?®ct  of  Transverse  Velocity  Gradients  on  Stagnation  Pres- 
sure  Measurement 


All  probes  must  have  a  pressure  orifice  of  finite  size.  This 
size  is  governed  by  manufacturing  tolerances  and  allowable  response 
time.  Most  small  probes  use  cylindrical  square-ended  hypodermic  tubing 
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which  Is  available  in  aany  sizes  down  to  0.004-in.  o.d.  To  obtain  a 
reasonable  response  time  and  yet  maintain  a  very  small  tip  it  is  de¬ 
sirable  to  employ  fairly  large  tubing  drawn  down  to  a  small  orifice 
and  flattened.  Reference  36  describes  a  technique  for  manufacturing 
a  probe  having  a  pressure  orifice  0.001-in.  high  by  0.010-in,  wide 
which  when  used  with  optimum  line  length  came  to  equilibrium  about 
7  sec  after  a  pressure  change  of  21  in,  Hg  was  applied.  Reference  37 
presents  a  method  of  manufacturing  extremely  small  tubes  by  electro¬ 
deposition  of  metals  on  nylon  fibers. 

The  pressure  orifice  should  be  made  as  small  as  possible  in 
the  direction  of  any  existing  velocity  gradients.  If  the  stream  pr'  - 
sure,  p  ,  is  constant  across  the  mouth  of  the  tube  and  the  transversi- 

velocity  gradient  is  dU/3y,  there  will  exist  a  gradient  in  stagnation 
pressure.  The  stagnation-pressure  tube  in  general  will  not  integrate 
this  pressure  gradient  to  give  an  indicated  pressure,  p^,  representa¬ 
tive  of  the  velocity  at  the  geometric  center  of  the  orifice.  This  is 
due  to  two  effects;  1)  The  stagnation  pressure  is  proportional  to  the 
square  of  the  velocity  and,  when  averaged  by  equal  areas  across  the 
or'fice,  it  will  have  a  higher  value  than  the  stagnation  pressure  cal¬ 
culated  from  the  square  of  the  velocity  at  the  geometric  center  of  the 
orifice;  and  2)  the  presence  of  the  probe  in  a  velocity  gradient  causes 
deflection  of  the  streamlines  toward  the  region  of  lower  velocity. 

This  deflection  causes  the  probe  to  indicate  a  stagnation  pressure  that 
is  hlgner  than  that  which  exists  at  the  same  location  when  there  is  no 
probe.  Both  of  these  effects  diminish  with  decreasing  probe  diameter. 

Source;  Ref.  1  I  .  I 


OISPLACKVtNT  -  ^ 


EFFECTIVE  GEOME  TRIG  I 
POSITION  POSITION  r 


"EFFECTIVE  CENTER  " 


•  ALL 

U*  =  Velocity  Corresponding  to  =  -j  p(U’)^ 

Reference  38  shows  experimentally  that  the  total  effect  could 
be  expressed,  as  illustrated  above,  as  a  displacement  of  the  ’’effective 
center"  of  the  tube  (i.e.,  the  point  at  which  the  local  velocity  cor¬ 
responds  to  the  indicated  pressure,  p^)  from  its  geometric  center  to¬ 
ward  the  region  of  higher  velocities  by  an  amount  6,  given  by 


A  =  0.131  D  +  0.082  D. 

o  1 


(2-10) 


where 


D  =  external  diameter  of  the  tube 
o 

=  Internal  diameter  of  the  tube 
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2.2.7 


This  is  shown  to  be  true  in  the  range  0.1  <  (D/q)  (dq/dy)  <  1.2. 

Other  experisenters  have  found  that  a  rectangular,  0.050  by  0.015-in, 
orifice  behaved  as  a  circular  orifice  with  a  diaseter  equal  to  the 
disension  in  the  direction  of  the  gradient.  It  should  be  mentioned 
that  the  results  of  both  investigations  were  obtained  in  the  wake  of 
an  airfoil.  Turbulent  effects  discussed  below  may  be  a  source  of  error 
in  the  data.  The  results  may  also  be  erroneous  in  a  velocity  gradient 
near  a  wall  due  to  other  boundary- layer  effects  discussed  below. 

2.2.7  Staenation  Pressure  Measurement  near  a  Wall 


In  boundary- layer  studies,  it  is  frequently  desirable  to  make 
velocity  measurements  extremely  close  to  a  wall.  The  resultant  combina¬ 
tion  of  small  probes  and  low  velocities  leads  to  viscous  effects  com¬ 
plicated  by  a  velocity  gradient,  turbulence,  and  wall  Interference. 
Unfortunately,  very  little  quantitative  work  is  available  for  inter¬ 
pretation  of  results  under  these  circumstances. 

A  surface  probe  designed  by  Stanton  (Ref.  39)  was  calibrated 
by  traversing  the  known  velocity  gradient  in  the  laminar  flow  through 
a  pipe  of  radius  a.  A  one-sided  rectangular  tube  was  used,  the  bottom 
surface  of  which  was  formed  by  the  wall  of  the  pipe.  The  position  of 
the  outer  lip  could  be  adjusted  as  indicated  below. 


From  the  observed  response  of  the  Instrument  in  a  known  laminar  profile, 
the  "effective  position"  of  the  tube  was  plotted  against  the  "opening" 
of  the  tube,  as  shown  in  Fig.  2-13,  and  this  plot  was  used  as  a  cali¬ 
bration  curve  to  interpret  measurements  near  the  wall  in  turbulent 
profiles.  A  finite  reading  was  indicated  as  the  tube  opening  approached 
zero.  The  displacement  of  the  effective  position  from  the  centerline  of 
the  tube  was  not  constant,  but  decreased  as  the  opening  increased.  For 
small  openings  at  low  velocities,  the  effective  position  of  the  tube 
was  actually  outside  the  outer  lip  of  the  tube.  One  curve  was  faired 
through  data  taken  at  three  velocities,  but  there  is  a  definite  indica¬ 
tion  of  a  velocity  (or  Reynolds  number)  effect. 

These  results  are  discussed  in  Ref.  30  and  are  shown  to  be 
predictable.  Using  Stokes'  formula  for  creeping  flow,  the  pressure  on 
the  nose  of  a  sphere  of  radius  r  in  a  stream  of  velocity  U  is 

P,  (2-11) 

■’or  the  parabolic  velocity  profile  (Ref.  39)  in  a  pipe  of  radius  a,  with 
;enterline  velocity  U^,  the  velocity  at  the  center  of  a  sphere  in  contact 
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with  the  wall  (velocity  at  a  distance  r  froe  the  wall)  Is 


U  = 


(2-12) 


Conblnlng  these  two  equations  and  letting  r  approach  zero,  the  pres¬ 
sure  close  to  the  wall  would  be  given  by 


P 


t 


(2-13) 


The  corresponding  effective  probe  opening,  d* ,  at  the  wall  Is 


O'^VlS;  (2-»' 

In  Stanton's  experiment,  a  =  0.1345  cm;  =  1910,  1140,  and 

740  cm/sec;  and  \i/p  =  0.148.  Inserting  these  values  In  Eq.  2-14  gives 
a  value  of  d'  corresponding  to  each  of  the  given  velocities.  These 
points  are  plotted  in  Fig.  2-13.  Stanton  gives  an  average  curve  from 
his  three  sets  of  results  at  different  velocities.  Actually,  at  least 
two  lines  could  have  been  drawn,  which  would  Indicate  the  velocity  ef¬ 
fect  shown  in  Eq.  2-12.  Since  the  stagnation  tube  is  assumed  to  behave 
as  a  sphere  and  the  velocity  gradient  and  wall  interference  are  neg¬ 
lected,  the  good  agreement  Is  probably  fortuitous. 

The  same  technique  was  employed  with  similar  results  In 
Ref.  40,  and  the  data  obtained  for  the  effective  displacement  for  a 
boundary- layer  probe  are  presented  in  Fig.  2-14.  Use  of  this  method 
provided  data  on  airfoil  skin  friction  which  In  turn  was  used  to  com¬ 
pute  stagnation-pressure  loss.  The  values  thus  obtained  agreed  with 
those  obtained  from  a  survey  of  the  wake. 

In  both  Investigations  the  assumption  was  made  that  the  ef¬ 
fective  displacement,  Q,  was  equal  in  the  calculated  laminar  boundary 
layer  and  in  the  measured  turbulent  layer.  The  common  assumption  of  a 
laminar  sub-layer  would  substantiate  the  above  procedure;  but  Ref.  41 
shows  (using  the  hot-wire  anemometer)  that  the  free-stream  turbulence 
level  may  actually  be  magnified  by  a  factor  of  the  order  of  two  in  the 
turbulent  boundary  layer  beyond  the  transition  point.  None  of  these 
matters  have  been  resolved;  many  problems  will  arise  if  pressure  mea¬ 
surements  must  be  undertaken  to  determine  boundary- layer  velocities. 
Small  changes  in  surface  roughness,  e.g.,  dust  accumulations,  may  radi¬ 
cally  change  the  entire  flow  pattern. 


At  the  present  time  the  actual  measurement -location  can  only 
be  estimated,  and  the  estimate  is  based  upon  the  velocity  gradient  and 
Reynolds  number  corrections  mentioned  above.  A  probable  turbulence 
error  can  be  estimated  from  Fig.  2-6  if  there  is  some  knowledge  of  free- 
stream  turbulence. 
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Current  practice  with  velocity  profiles  Involves  the  use  of 
the  velocity  gradient  correction  given  In  the  preceding  subsection  and 
neglects  viscous  and  wall  effects.  In  sose  cases,  as  Indicated  by 
Ref.  34,  substantial  errors  due  to  Reynolds  nusber  effects  say  be  hid¬ 
den  In  published  data.  The  technique  utilized  In  Ref,  42  consists  of 
measuring  laminar  velocity  profiles  and  adjusting  the  effective  posi¬ 
tion  of  the  probe  when  It  is  In  contact  with  the  wall  until  the  pro¬ 
files  extrapolated  smoothly  to  the  wall,  and  friction  coefficients  com¬ 
puted  from  velocity  gradients  agreed  with  those  calculated  from  the 
momentum  integral  theorem.  The  same  displacement  was  applied  to  tur¬ 
bulent  profiles  measured  with  the  same  probe.  This  appears  satisfac¬ 
tory  so  long  as  probes  are  kept  large  enough  to  make  viscous  effects 
negligible  (Re  >  30,  where  r,  the  characteristic  length.  Is  the  probe 
radius) .  In  measurements  made  on  a  porous  surface,  the  displacement 
of  the  effective  center  from  the  geometric  center,  fi,  appeared  to  be 
about  0.3  diameter,  a  somewhat  different  value  than  that  indicated  for 
the  solid  wall. 


The  effect  of  probe  shape  on  turbulent  boundary- layer  pro¬ 
files  obtained  on  a  flat  plate  In  a  supersonic  stream  Is  indicated  In 
Ref.  43.  The  same  turbulent  boundary- layer  profile  was  traversed  with 
an  impact  probe  made  of  razor  blades  and  also  with  the  same  probe 
equipped  with  a  close-fitting  rectangular  shroud  to  increase  the  nose 
area.  The  two  configurations  registered  the  same  pressure,  within  the 
accuracy  of  the  measurements,  except  when  the  larger  probe  approached 
the  wall  closer  than  twice  the  probe  height.  Th.s  experience  was  con¬ 
sistent  with  that  of  Wilson  and  Young  (DRL,  University  of  Texas)  al¬ 
though  the  former  probes  were  of  rectangular  rath >r  than  circular  cross- 
section. 


Several  methods  of  manufacturing  a  fast-response  total  head 
probe  have  been  investigated  (Ref.  44),  and  the  following  was  found  to 
be  the  most  satisfactory. 

Select  a  piece  of  0.032-in.  diameter  brass  tubing  several 
inches  in  length.  Heat  the  tubing  and  draw  it  until  it  fractures.  Th3 
diameter  will  be  reduced  considerably  at  the  fracture  point,  but  the 
wall  thickness  may  still  be  thicker  than  necessary.  This  thickness 
should  be  reduced  to  approximately  0.003  in.,  which  can  be  accomplished 
by  etching  in  a  dilute  copper  sulphate  solution  (1  part  copper  sulphate, 
2  parts  distilled  water).  Next,  slightly  flatten  the  small  end  of  the 
tubing  and  insert  a  very  thin  (0.001  in.)  piece  of  steel  shim  stoc’^ 

1/4  in.  into  the  end  of  the  probe,  (if  0,001-in.  stock  is  not  avail¬ 
able,  thicker  stock  can  be  selected  and  then  etched  with  a  solution  of 
34"^  concentrated  sulphuric  acid,  42“^^  ortho-phosphoric  acid,  and  24% 
distilled  water.)  Then  flatten  approximately  1/10  in.  of  the  brass 
tube  about  the  steel  Insert.  Polish  the  surface  of  the  probe  with  a 
fine  whetstone  and  withdraw  the  steel  insert.  View  the  probe  under  a 
suitable  microscope  to  verify  the  dimensions  and  smoothness  of  its  sur¬ 
faces.  After  the  size  and  smoothness  of  the  tip  have  been  checked,  the 
response  time  should  then  be  determined.  This  step  can  be  effected 
easily  on  a  bench  by  using  a  U-tube  with  the  probe  connected  in  series 
with  one  leg  and  a  pressure  (or  vacuum)  source  with  the  other  leg.  If 
the  response  time  is  not  satisfactory,  the  tip  probably  was  flattened 
too  much.  In  order  to  reduce  the  length  of  passage,  clip  about  1/64  in. 
off  the  end  of  the  tube,  which  should  then  be  re-opened  by  filing  or 
stoning.  (In  order  to  prevent  clogging  of  the  opening  by  filings,  it 
is  advisable  to  connect  a  pressure  line  to  the  probe  during  the  re¬ 
opening  operation.  As  soon  as  the  orifice  begins  to  open,  the  escap¬ 
ing  air  will  prevent  filings  from  entering  the  passage.)  The  clipping 
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procedure  should  be  repeated  until  the  response  time  is  satisfactory. 


The  response  time  typical  of  probes  made  in  this  manner  and 
used  with  optimum  lead  length  is  of  the  order  of  5  to  7  sec  for  a  21-in, 
Hg  pressure  change. 


Among  the  other  methods  that  were  tried  during  the  develop¬ 
mental  period  was  the  drawing  of  glass  tubing.  However,  the  brittle¬ 
ness  of  glass  tubes  and  the  difficulty  of  shaping  the  tip  accurately 
made  their  use  impractical. 

An  interesting  method  of  detecting  contact  between  the  probe 
body  and  the  wall  (Ref.  43)  is  shown  in  Fig.  2-15.  When  contact  is 
first  made  the  direction  of  motion  of  the  orifice  is  reversed  and  the 
observed  impact  pressure  begins  to  Increase.  The  four  profiles  shown 
were  obtained  at  different  stagnation  pressures  at  a  Mach  number  of 
about  4.5;  they  exhibit  the  repeatability  of  the  probe  positioning 
mechanism  that  was  used.  The  distance  from  the  probe  entrance  to  the 
wall  was  taken  as  half  the  separation  of  the  probe  from  its  reflection 
in  the  highly  polished  plate  surface  as  determined  with  a  cathetometer 
(Wild  NIII  precision  level,  manufactured  by  Henry  Wild  Surveying  In¬ 
struments  Supply  Co.,  Ltd.,  Heerbrugg,  Switzerland). 

2.2.8  Turbulence  Effects  in  Stagnation  Pressure  Measurement 

Little  has  been  published  on  the  effect  of  turbulence  on  stag¬ 
nation  pressure  readings.  Kumbruch  (Ref.  45)  found  by  traversing  a 
pitot-static  tube  in  a  channel  behind  a  turbulence  generator  and  inte¬ 
grating  to  get  the  total  flow  that  the  instruments  read  3  to  5'T^  high, 
depending  upon  design.  This  was  attributed  to  the  same  factors  that 
govern  the  behavior  of  a  pitot-static  tube  in  yaw,  the  turbulent  fluc¬ 
tuations  being  considered  primarily  as  variations  in  the  direction  of 
the  main  stream.  for  such  an  effect  to  be  significant,  it  would  appear 
that  the  scale  of  turbulence  would  have  to  be  large  compared  with  the 
dimensions  of  the  stagnation  tube. 

Goldstein,  using  a  different  approach,  integrated  the  equa¬ 
tion  of  motion  along  a  streamline  in  turbulent  flow  and  showed  that  a 
stagnation  tube  should  Indicate 

Pi  =  Px  ^  ^  I  (2-15) 

where 

U  =  mean  stream  velocity 

u'  =  root -mean-square  value  of  the  axial  turbulent  velocity 


This  same  equation  can  be  obtained  by  assuming  that  the  stagnation  tube  0 

correctly  reads  the  average  total  pressure  corresponding  to  the  mean 
velocity,  U,  and  the  parallel  component  of  fluctuating  velocity,  u. 

Thus, 

P^  -  p^  =  ^  p(V  +  u)^  =  ^  p(U^  +  2  Uu  +  u2)  (2-16) 


•  •  •  • 


•  •  • 
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Since  the  time  average  of  U«u  is  zero  and  the  time  average  of  u  is  the 
square  of  the  rms  value,  u' ,  both  equations  are  the  same. 

The  error  involved  in  neglecting  the  last  term  of  Eq.  2-15  is 
presented  in  Fig.  2-6.  In  order  for  this  error  to  amount  to  of  q, 
the  mean  dynamic  head,  the  intensity  of  turbulence,  u’/tJ,  must  equal 
20^.  Since  the  error  due  to  isotropic  turbulence  is  the  same  for  both 
p.  and  p^  ,  the  ratio  of  these  quantities,  as  found  by  means  of  a  pitot- 
static  tube,  should  be  independent  of  turbulence  errors.  It  does  not 
appear  then  that  Kumbruch's  results  can  be  explained  on  the  basis  of 
isotropic  turbulence. 

Birdwell  (Ref.  46)  applies  Eq.  2-15  to  stagnation  pressure 
measurements  in  turbulent  boundary  layer  and  finds  that  the  correction 
is  significant  in  some  circumstances  for  calculating  friction  by  the 
momentum  theorem. 

2.2.9  Effect  of  Periodic  Pressure  Pulsations  on  Stagnation  Pressure 

Measurements 


When  a  total  pressure  probe  in  a  compressible  medium  is  sub¬ 
jected  to  a  fluctuating  pressure,  the  manometer  to  which  it  is  con¬ 
nected  may  not  represent  the  time-weighted  average  of  the  applied  total 
pressure  because  of  certain  nonlinear  effects.  The  probe  behavior  can 
be  predicted  reasonably  well  within  the  limitations  enumerated  below. 

1.  The  entrance  tube  (length  L)  should  open  into  a  tube  of  much 
larger  diameter  (e.g.,  four  to  eight  times). 

2.  The  flow  across  the  ends  of  the  tube  should  always  be  sob¬ 
er  i  t  ical. 

3.  The  period  of  fluctuation,  T,  should  be  much  smaller  than 
the  time  constant,  t^,  of  the  probe  and  associated  system 

and  r'uch  larger  than  the  time,  Tj,  required  for  a  pressure 

disturbance  to  be  propagated  along  the  probe’s  entrance  tube. 
If  the  speed  of  the  pressure  disturbance  is  taken  as  the 
speed  of  sound  under  ambient  conditions,  a,  then 


'1 


(2-17) 


The  preceding  limitations  can  be  expressed  by  the  inequality 


2ir  T  »  i  (2-18) 

4.  The  flow  within  the  probe  should  be  either  laminar  over  a 
complete  cycle  or  turbulent  over  a  complete  cycle.  (it  is 
possible  to  have  laminar  flow  over  one  part  of  the  cycle  and 
turbulent  over  the  other  part.)  Good  agreement  between  the 
analytical  method  and  experiment  have  been  obtained  if  the 
Reynolds  number 


8000  >  Re  >  20, 000 
laminar  turbulent 


(2-19) 
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Reference  47  gives  all  the  necessary  details  for  the  method 
of  correcting  the  pressure  as  averaged  hy  the  probe  in  the  presence  of 
oscillating  flow  and  calculating  a  tine-weighted  average  pressure.  The 
averaging  characteristics  are  a  function  of  the  wave  shape  of  the  pres¬ 
sure  oscillation,  the  gas  properties,  the  probe  geometry,  and  the  mag¬ 
nitude  of  pressures  involved.  Tests  showed  good  agreement  with  the 
theoretical  results  when  the  maximum  Reynolds  number  of  the  probe  was 
less  than  8000.  The  averaging  error  is  minimised  when  the  inside  diam¬ 
eter  of  the  probe's  entrance  tube  is  made  as  small  as  possible  and  its 
lengtn  as  great  as  possible,  consistent  with  an  acceptable  response 
time. 

2.2.10  Low  Density  Effects  in  Stagnation  Pressure  Measurement 

Recent  research  in  flows  at  very  low  pressures  has  aroused 
interest  in  the  response  of  stagnation  tubes  under  such  circumstances. 
Tsien  (Ref.  48)  discusses  this  problem  for  the  case  of  pressures  in 
the  transition  region  between  continuum  flow  and  free-nolecule  flow, 
and  he  indicates  that  at  low  pressures  viscous  effects  become  important 
even  at  high  velocities.  This  is  a  Reynolds  number  effect;  for  sub¬ 
sonic  flow,  the  discussion  of  Subsec.  2.2.4  applies. 

When  Impact  and  static  pressure  probes  are  used  at  low  pres¬ 
sures,  where  the  molecular  mean-free-path  becomes  large  compared  with 
the  tube  diameter,  flow  conditions  become  more  complicated  and  statis¬ 
tical  methods  may  be  needed  for  calculations.  Under  such  conditions 
the  effect  of  viscosity  and  the  Internal  geometry  require  special  at¬ 
tention.  The  viscosity  effect  perturbs  the  pressure  and  causes  changes 
from  its  ideal  value,  and  the  internal  geometry,  f  not  handled  with 
care,  can  cause  response  times  that  are  too  long  to  be  usable.  Refer¬ 
ences  3t  and  49  analyze  the  probability  of  a  molecule  escaping  from 
the  manometer  reservoir  through  the  pitot  tube  and  conclude  that  the 
probability  and  hence  the  pressure  In  the  manometer  reservoir  would  de¬ 
pend  strongly  on  the  length-to-diameter  ratio  of  the  stagnation  tube 
and  leads.  These  calculations  imply  a  pressure  in  the  system  low  enough 
everywhere  that  the  assumption  of  free  molecule  flow  is  valid.  The  Uni¬ 
versity  of  California  Institute  of  Engineering  Research  has  contributed 
a  considerable  amount  of  work  in  this  field,  and  this  work  is  briefly 
treated  in  Refs.  15  and  50  to  56. 

2.2.11  Effect  of  Entrained  Particles  on  Stagnation  Pressure 

Reasurement 

The  presence  of  liquid  or  solid  particles  in  a  gas  stream 
will  cause  a  stagnation-pressure  probe  to  indicate  a  pressure  between 
the  stagnation  pressure  of  the  gas  and  that  of  the  gas-particle  mixture. 
The  magnitude  of  the  difference  between  these  two  pressures  depends  on 
the  mass  of  particles  present  in  each  unit  volume  of  gas  and  upon  the 
probability  of  the  particles  entering  or  bypassing  the  probe.  Small 
particles  tend  to  follow  the  gas  flow  and  bypass  the  probe  entrance; 
larger  particles  have  a  greater  tendency  to  enter  the  probe  and  induce 
an  erroneous  reading.  When  liquid  droplets  are  embedde.l  in  the  flow¬ 
ing  gas,  they  may  be  partially  or  completely  evaporatea  by  the  rising 
pressure  and  temperature  due  to  stagnating  flow  (Refs.  57  .-nd  58). 


No  proven  means  of  measuring  the  gas  stagnation  p -essure  in 
a  heavily  laden  stream  is  available,  although  reseai ul.  along  these  lines 
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la  underway.  Reference  59  indicates  that  both  the  pitot  pressure  and 
the  Mach  nueber  obtained  froa  the  ratio  P^/P^  In  n  supersonic  stream 

are  virtually  independent  of  the  presence  of  condensation.  However, 
the  flowing  gas  should  be  dried  whenever  possible  to  obviate  the  ef¬ 
fect  of  condensation  on  the  static  pressure  (Ref.  60). 

2.3  Pressure- Indicating  Instruments 


After  an  appropriate  pressure-sensing  probe  is  chosen  and 
its  performance  evaluated,  it  is  then  necessary  to  select  an  adequate 
indicating  instrunent  and  pressure  hookup.  There  are  many  pressure 
indicators  of  varying  accuracy  for  use  under  different  conditions. 

These  indicators  will  be  taken  up  under  three  headings: 

1.  Hydrostat ic  instruments,  which  depend  upon  the  relative  dis- 
^acement  of  the  surface -of  a  fluid  and  are  the  most  versa¬ 
tile  low-pressure  indicators. 

2.  Mechanical  instruments,  such  as  the  Bourdon  gage,  which  de¬ 
pend  upon  a  pressure  differential  deflecting  the  walls  of  a 
metallic  chamber.  These  mechanical  Indicators  are  used  for 
moderately  high  pressures  and  are  readily  adaptable  to  use 
with  recording  or  controlling  devices. 

3.  Transducers,  which  translate  pressure  differentials  into 
voltage  outputs  which  may  be  recorded  or  used  in  connection 
with  digital  or  analog  computers. 

The  discussion  under  each  heading  will  include  the  general 
physics  of  the  devices,  their  ranges  of  operation  (with  appropriate  in¬ 
struments  for  each  range),  and  an  evaluation  of  the  accuracy  attainable 
under  industrial  and  laboratory  conditions. 

It  is  Important  to  realize  that  all  pressure  indicators  mea¬ 
sure  a  differential  pressure,  either  between  two  pressures  associated 
with  the  flow  or  between  a  flow  pressure  and  some  reference  pressure 
source  such  as  the  atmosphere.  If  pressure  data  are  referenced  to  at¬ 
mospheric  pressure,  an  accurate  barometer  must  be  utilized  to  measure 
this  value  so  that  the  pressure  differentials  can  be  reduced  to  abso¬ 
lute  pressure. 

2.3.1  Hydrostat  ic  Pi-essure  Indicat  ion 


The  simplest  form  of  hydrostatic  pressure  indicator  is  the 
U-tube  manometer.  Its  elementary  principle  of  operation  affords  much 
opportunity  for  ingenuity  in  design  and  construction  to  improve  operat¬ 
ing  capabilities.  Under  steady  conditions  the  difference  between  the 
pressures  applied  to  the  two  vertical  arms  of  the  glass  U-tube  is  in¬ 
dicated  by  the  difference  in  height  of  two  columns  of  liquid  contained 
in  the  tube. 

2. 3. 1.1  Common  Manometers 


Multimanoroeters.--The  two  readings  that  are  required  to  mea¬ 
sure  a  pressure  difTerentlal  in  the  U-tube  are  reduced  to  a  single  read¬ 
ing  if  one  limb  is  made  of  a  cross  section  sufficiently  large  that  the 
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level  of  the  fluid  is  virtually  unchanged.  Such  an  arrangement  is 
used  in  the  mult iaanometer  shown  in  Fig.  2-16.  The  number  of  tubes 
in  such  k  bank  depends  on  the  number  of  pressures  expected  to  be  mea¬ 
sured  at  any  one  time,  and  the  height  of  the  tubes  is  chosen  to  in¬ 
clude  the  maximum  anticipated  pressure  differential.  When  a  bank  con¬ 
sists  of  a  large  number  of  tubes,  it  is  customary  to  reserve  the  two 
outer  tubes  to  read  the  reference  or  "zero"  pressure.  This  reference 
level  may  be  readily  changed  by  raising  or  lowering  the  fluid  reservoir 
which  must  be  large  enough  in  relation  to  the  number  of  tubes  so  that 
the  level  may  remain  constant.  It  is  wise  to  adjust  the  reference 
level  to  a  pressure  of  the  same  order  as  the  anticipated  pressure  since 
the  accuracy  increases  as  the  pressure  differential  decreases.  Over¬ 
flow  reservoirs  should  be  attached  to  the  ends  of  the  tubes  to  preclude 
the  possibility  of  blowing  manometer  fluid  into  the  pressure  lines  in 
case  the  pressure  limit  of  the  system  is  exceeded.  In  some  cases  ap¬ 
plication  of  a  dynamic  pressure  variation,  such  as  experienced  during 
start  of  the  flow  in  a  supersonic  nozzle.  Justifies  the  use  of  a  guil¬ 
lotine  or  clamp  between  the  orifice  and  the  manometer.  The  pressure 
lead  is  then  opened  after  steady-state  flow  conditions  are  established, 
and  clamped  off  again  before  the  flow  is  stopped. 

Frequent  pinching  of  plastic  tubing  by  the  conventional  guil¬ 
lotine  method  of  clamping  sometimes  results  in  the  tube  sticking  to 
Itself  when  the  guillotine  pressure  is  removed.  The  staff  of  the  Army 
Ballistic  Missile  Agency  has  tried  a  novel  solution  to  this  problem  by 
inserting  a  solid  bar  inside  the  plastic  tube.  The  application  of  high 
pressure  all  over  the  outside  of  the  tube  squeezes  it  over  the  core 
and  prevents  the  tube  from  sticking  to  itself.  When  a  large  number  of 
plastic  pressure  tubes  are  passed  between  the  high-pressure  rubber  hose 
and  the  steel  knife-edge  of  the  conventional  guillotine,  there  is  some 
probability  that  all  of  the  tubes  will  not  be  clamped  off  when  the 
pressure  valve  is  actuated.  This  probability  can  be  reduced  substan¬ 
tially  by  passing  each  pressure  lead  through  the  guillotine  twice.  A 
device  known  as  the  Boeing  Pressure  Valve  (available  commercially  from 
the  General  Design  Company,  631  30th  St.,  San  Diego,  Calif.)  can  also 
be  used  as  a  pressure  clamp.  This  device  is  discussed  in  Subsec.  10.1.1. 

A  cleverly-devised  Australian  mult i manometer  (Ref.  61)  cuts 
off  the  liquid  rather  than  the  pressure  air,  and  is  claimed  to  be  more 
accurate. 


Inclined  Manometers. — The  sensitivity  of  a  single-tube  or 
multi-tube  manometer  may  be  increased  many  times  by  inclining  the 
manometer  at  an  angle  to  the  horizontal. 
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Pros  the  sketch  it  ssy  be  seen  thst 


Ap  =  Pj  -  P2  =  Ahp  =  pAS  sin  a  (2-20) 

and  thst  the  sensitivity  increases  as  a  decreases.  Unfortunately,  it 
is  necessary  to  calibrate  inclined  sanoseters  since  snail  errors  in 
the  curvature  or  in  the  bore  of  the  tube  nay  produce  appreciable  errors 
in  the  displacenent  of  the  fluid.  Manoneters  with  slopes  of  1/4  and 
1/10  are  available  connercially  with  ranges  of  3  in.  of  water  and  1  in. 
of  water,  respectively.  The  instrunents  are  very  sensitive  to  levelling 
I  and  are  usually  fitted  with  a  pre-set  spirit  level. 


These  Instruments  are  built  to  withstand  average  pressures  up 
to  about  100  psi,  although  the  comnon  instrunents  are  intended  for  at- 
nospheric  pressures.  They  are  rugged  and  suitable  for  industrial  and 
laboratory  purposes. 

A  combined  form  of  U-tube  which  allows  accurate  readings  at 
low  pressure  differentials  is  shown  below.  No  accurate  reading  is  pos¬ 
sible  at  the  knee  of  the  tube,  region  A. 


2. 3. 1.2  Manometer  Fluids,  Fittings,  and  Leads 

U-tube  manometers  are  available  for  reading  differential  sur¬ 
face  heights  from  a  few  Inches  to  15  or  20  ft.  With  liquids  of  dif¬ 
ferent  densities,  the  range  covers  differential  pressures  from  0.03  psi 
(with  alcohol)  to  pbout  120  psi  (with  mercury).  The  range  of  a  given 
manometer  can  be  calculated  from  the  specific  gravity  of  the  available 
manometer  fluids  given  in  Table  2-1.  In  selecting  the  most  suitable 
fluid,  it  may  be  helpful  to  remember  that  for  each  psi  of  pressure  dif¬ 
ferential  the  displacement  is  roughly  2  in.  for  mercury,  9.1  in.  for 
TBE,  27.2  in.  for  water,  and  34  in.  for  oil.  The  properties  of  the 
more  common  manometer  fluids,  some  discussion  of  the  type  of  fittings 
to  use  with  each  fluid,  and  the  precautions  necessary  for  their  use 
and  handling  (Ref,  62)  follow. 


Mercury . — This  is  by  far  the  most  commonly  used  fluid  in 
manometry,  and  special  care  is  necessary  to  avoid  mercury  vapor  poison¬ 
ing  caused  by  inhalation  and  from  contact  with  the  s!;in.  The  use  of  a 
mercury  vapor  detector  in  the  area  where  mercury  is  used  is  advisable. 
No  brass  or  copper  fittings  should  be  used  in  contact  with  mercury, 
since  these  materials  amalgamate  with  mercury.  Iron  fittings  tend  to 
cause  rcale  and  rust,  which  contaminate  the  mercury  and  clog  the  tubes. 
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Therefore,  stainless  steel  fittings  should  be  used  whenever  possible. 
The  mercury  should  be  cleaned  at  Intervals  in  order  to  eliminate  the 
contamination  and  foreign  matter  which  may  clog  the  tubes  and  reduce 
pressure-measuring  accuracy. 


Merriam  Unity  Oil. — This  fluid  is  also  commonly  used.  The 
effect  of  temperature  on  its  specific  gravity  is  shown  in  Fig.  2-17. 
Since  this  fluid  attacks  nearly  all  rubber  compounds,  only  metal  or 
glass  fittings  should  be  used.  The  gaskets  may  be  made  of  neoprene. 
Naphtha  or  white  gasoline  in  a  well-ventilated  room  is  recommended  as 
an  agent  for  removing  unity  oil  from  manometer  tubes  and  other  fittings. 
The  fluid  is  toxic  on  prolonged  contact  with  the  body,  and  care  should 
be  exercised  to  prevent  excessive  spillage  and  continuous  exposure  to 
the  fluid.  Toxic  action  is  evidenced  by  development  of  a  form  of  acne 
which  does  not  generally  appear  until  after  months  of  continuous  expo¬ 
sure.  Short  or  Infrequent  exposures  and  ordinary  use  of  the  fluid  pro¬ 
duce  no  toxic  effects.  Washing  all  exposed  parts  of  the  body  with  mild 
soap  and  water  after  contact  is  recommended. 


Tetrabromoethane. — This  fluid  (known  as  TBE  and  acetylene 
tetrabromide)  is  soluble  in  alcohol  or  ether,  but  Insoluble  in  water. 
It  can  be  purified  by  rectification  (fractionation).  Its  specific 
gravity  is  2.98  to  3.00,  and  the  variation  with  temperature  is  shown 
in  Fig.  2-18.  Moisture  and  ultraviolet  light  will  promote  decomposi¬ 
tion  of  the  fluid.  Tests  on  small  animals  have  shown  insignificant 
toxic  effects  on  breathing  in  a  saturated  TBE  atmosphere  for  up  to  two 
hours  exposure.  Repeated  exposures  of  15  min  a  day  also  showed  no  ill 
effects.  No  data  on  its  effect  on  humans  are  available,  but  it  is  ex¬ 
pected  that  in  a  room  with  normal  ventilation  the  concentration  would 
be  well  under  the  saturation  point  and  the  health  hazard  very  small. 
Skin  irritations  and  blisters  result  from  spilling  on  the  skin.  Wash¬ 
ing  with  soap  and  water  Immediately  after  exposure  will  greatly  reduce 
skin  effects.  Glass,  stainless  steel,  or  brass  fittings  are  satisfac¬ 
tory  for  use  with  TBE,  but  rubber  and  most  plastics  will  deteriorate 
rapidly.  A  material  called  Resisto-Flex  (Resisto-Flex  Corp. ,  Belle¬ 
ville,  N.J.)  has  been  used  satisfactorily  where  flexible  tubing  is  re¬ 
quired;  however,  Resisto-Flex  is  soluble  in  water. 


Glass  Tubes. — Glass  tubing  which  will  withstand  average  pres¬ 
sures  of  several  hundred  pounds  per  square  inch  is  commercially  avail¬ 
able.  Since  all  manometers  have  a  definite  maximum  pressure  limit, 
care  must  be  exercised  so  that  this  limit  is  not  exceeded  at  any  point 
in  the  instrument.  Manometer  explosions  are  a  common  source  of  eye 
injury  and  mercury  poisoning.  The  bursting  pressures  (Ref.  63)  in  at¬ 
mospheres  of  German  soda-glass  tubing  are  tabulated  below. 
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Bursting  Pressures  (atm)  of  German  Soda-Glass  Tubing 


Wall 

Thickness  (mm) 

1 

2 

Tube 

3 

Bore 

4 

(  mm) 

5 

6 

7 

1 

— 

310 

280 

230 

220 

150 

140 

2 

570 

— 

340 

— 

330 

240 

220 

3 

560 

420 

460 

400 

— 

— 

230 

4 

— 

450 

— 

400 

310 

320 

280 

24 
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It  is  advisable  to  apply  a  factor  of  safety  of  not  less  than  two  and 
to  shield  the  tube  by  a  cover  plate  of  transparent  plastic  to  protect 
the  observer  in  the  event  of  failure. 


Attachsent. — An  arrangesent  (Ref.  64)  for  attaching  a  glass 
tube  to  the  metal  lead  fros  a  manoseter  is  shown  below. 


Source:  Ref.  64 


This  method  was  found  to  be  satisfactory  (at  NPL)  for  internal  pres¬ 
sures  up  to  25  atm.  At  this  pressure  no  trouble  was  experienced  with 
the  use  of  rubber  or  grease  in  the  Joints,  but  it  should  be  noted  that 
it  is  dangerous  to  use  these  materials  in  compressed  oxygen  systems. 

A  similar  arrangement,  but  substituting  a  teflon  sealing  gasket  in 
place  of  the  rubber  sleeve,  has  been  used  at  OAL. 


A  convenient  method  for  connecting  pressure  leads  to  a  multi¬ 
tube  manometer  has  been  developed  at  the  Royal  Aeronautical  Establish¬ 
ment  (Ref.  65).  With  this  method  the  manometer  leads  are  permanently 
attached  to  the  rear  of  the  socket,  as  shown  in  the  sketch  below. 


The  leads  from  the  model  are  attached  to  the  rear  of  a  plug  which  fits 
into  the  socket,  and  the  plug  is  located  by  a  key  and  held  in  place  by 
a  threaded  cover.  A  rubber  washer  fitted  with  a  number  of  short  lengths 
of  hypodermic  tubing  is  placed  between  the  plug  and  the  socket  to  pre¬ 
vent  leaks.  The  one  disadvantage  of  this  method  is  that  all  leads  have 
to  be  broken  and  re-connected  if  only  one  lead  is  found  to  have  a  leak 
in  the  connection. 


Manometer  Leads.  —  In  the  past,  rubber  tubing  has  been  the  most 
common  means  of  connecting  the  manometer  to  the  pressure  orifice.  The 
tubing  is  forced  over  the  appropriate  nipples,  which  may  be  greased  with 
petroleum  jelly,  or  (for  low  pressures)  with  one  of  the  high-vacuum 
greases  which  are  commercially  available.  Tubing  which  comes  into  con¬ 
tact  with  mercury  should  be  free  from  sulphur  in  order  to  avoid  contam¬ 
ination  of  the  mercury. 


Commercial  plastic  tubing  has  a  number  of  advantages  over 
rubber.  It  does  not  deteriorate  and  is  resistant  to  many  chemicals. 
The  transparent  variety  has  obvious  incidental  advantages.  The  tubing 
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is  available  in  a  wide  range  of  sizes  and  in  sulti-tube  strips,  sose 
already  color-coded  for  ease  in  iiaklng  extensive  pressure  hookups. 
Nevertheless,  for  sone  purposes  the  natural  properties  of  rubber  are 
indispensable. 

If  the  internal  pressure  is  to  exceed  that  of  the  atmosphere, 
the  tube  should  be  bound  to  the  nipple  with  safety  wire.  Rubber  is 
often  inconvenient  for  long  leads,  and  it  is  then  usually  preferable 
to  employ  copper  or  brass  tubing  with  rubber  attachments  at  the  ends. 
The  soft  metal  tubing  is  convenient  because  it  is  easy  to  bend,  retains 
its  shape,  and  is  easy  to  solder.  Although  reinforced  rubber  tubing 
which  can  withstand  any  Internal  pressure  ll>rely  to  be  encountered  in 
aerodynamic  testing  is  available,  copper  or  brass  leads  with  soldered 
joints  for  Internal  pressures  in  excess  of  about  three  atmospheres  are 
generally  preferred.  If  stainless-steel  tubing  is  to  be  used  in  any 
pressure  system,  it  should  be  pressure  checked  before  actual  use  be¬ 
cause  small  cracks  sometimes  exist  in  the  material  when  it  is  delivered. 


The  tendency  for  a  rubber  lead  to  collapse  under  sub-atmos¬ 
pheric  internal  pressures  may  he  avoided  by  inserting  a  metal  spring 
into  the  interior  of  the  tube,  but  for  very  low  pressures  it  is  advis¬ 
able  to  keep  the  length  of  rubber  tubing  in  the  leads  to  a  minimum. 
Outgassing  in  plastic  tubing  is  critical  at  the  low  pressures  encoun¬ 
tered  at  high  Mach  numbers.  According  to  Kendall  of  NOL,  Saran  tubing 
is  the  only  plastic  tubing  that  is  almost  as  good  as  metal;  but  it  also 
has  the  disadvantage  of  being  nearly  as  stiff  as  metal. 


The  leads  should  be  so  arranged  that  they  can  be  rapidly  iden¬ 
tified  along  their  whole  length.  With  rubber  or  plastic  leads,  care 
must  be  taken  to  prevent  the  formation  of  kinks,  particularly  at  cor¬ 
ners.  These  suggestions  are  especially  pertinent  for  the  use  of  multi¬ 
tube  manometers  since  much  time  may  be  saved  by  an  orderly  layout,  par¬ 
ticularly  when  a  leak  is  being  sought. 

Suitable  fluid  traps  must  be  installed  close  to  the  pressure 
taps  of  a  system  measuring  pressures  in  moist  or  droplet- laden  gas. 

The  entrapped  fluid  should  not,  and  cannot,  be  properly  removed  by 
blowing  with  the  mouth  or  compressed  air.  First,  water  is  introduced 
by  condensation  and  second,  much  of  the  fluid  is  merely  smeared  along 
the  inner  hose  walls,  ready  to  re-collect  later.  The  best  procedure 
is  to  hang  the  hose  up  for  draining.  Later,  it  should  be  internally 
washed  with  an  appropriate  solvent  if  the  manometer  fluid  is  non-volatile. 


Actual  fluid  pressures  always  oscillate  slightly.  This  effect 
can  become  severe  if  the  fluid  column  has  a  natural  frequency  close  to 
the  driving  pressure  frequency.  A  short  length  of  capillary  tubing  or 
a  tubing  clamp  on  the  pressure  lines  can  be  manually  adjusted  to  give 
critical  damping  and  a  minimum  variation  in  the  indicated  reading. 

Leaks. — All  pressure  lines  and  connections  must  be  tight  be¬ 
cause  slight  leaks  in  systems  with  small  pressure  orifices  or  small- 
diameter  tubing  can  introduce  sizable  fixed  errors  which  are  difficult 
to  detect  in  the  final  data.  All  connections  should  be  made  with  a  soft 
and  a  hard  material,  with  a  properly  clamped  or  safe  joint  of  at  least 
two  tube  diameters  in  length.  Metal-to-metal  couplings  are  acceptable 
if  great  care  is  employed  in  installation,  and  periodic  pressure  checks 
are  effected.  For  high  pressures,  where  plastic  or  rubber  tubing  will 
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be  overstressed,  a  well-designed  glass-to-metal  joint  can  suffice  if  a 
rubber  or  teflon  O-ring  or  gasket  is  incorporated.  Rubber  tubing  is 
often  porous  and  will  split  with  time  when  under  tension  at  the  joints. 
Further  assurance  against  leakage  can  be  realized  by  painting  joints 
carefully  with  a  hardening  material  such  as  glyptal  paint. 

For  the  best  lea'age  test  the  svstero  should  be  pressurized 
to  a  pressure  which  exceeds  that  to  be  measured,  and  the  pressure  sys¬ 
tem  should  subsequently  be  sealed.  The  indicating  instruments  should 
then  be  observed  for  the  system's  rate  of  pressure  decline.  As  a 
guide,  the  leakage  of  the  sealed,  pressurized  system  should  be  compared 
with  the  rate  of  pressure  decline  in  the  same  system  (same  initial 
pressure  level)  with  the  pressure  taps  open.  If  the  sealed  system's 
pressure-decline  rate  is  one-tenth  that  of  the  open  system's  rate,  sig¬ 
nificant  errors  may  be  anticipated.  The  pressurized  system  may  be 
checked  by  painting  all  joints  and  other  suspected  parts  with  a  soap 
solution.  This  check  will  usually  reveal  any  leaks. 

Sometimes  it  is  difficult  to  apply  a  positive  pressure  to  the 
system.  If  a  variable  pressure  can  be  applied  to  the  sump  of  a  multiple- 
tube  manometer,  either  by  raising  or  lowering  the  level  of  the  sump,  the 
fluid  in  the  manometer  tubes  can  be  raised  to  a  high  level  on  the  board. 
Next,  the  orifices  can  be  sealed  off  with  scotch  tape  and  the  sump  level 
lowered,  and  system  leaks  can  then  be  detected  by  a  sag  in  the  level  of 
any  of  the  tubes.  Leak  detection  by  this  method,  i.e.,  applying  a  suc¬ 
tion  on  the  l''ne,  is  not  as  foolproof  as  a  positive  pressure  because  a 
small  leak  may  seal  itself  against  entrance  of  higher-pressure  external 
air  and  yet  readily  leak  under  a  positive  Internal  pressure. 

Good  testing  practice  for  any  but  the  most  simple  pressure 
system  requires;  1)  A  complete  pressure  check  of  the  system  prior  to 
testing;  2)  at  least  one  check,  and  possibly  more,  during  an  extended 
test  program;  and  3)  a  final  check  at  the  end  of  the  test.  To  enhance 
the  confidence  level  of  test  data,  the  repair  of  leaking  or  plugged 
pressure  leads  must  be  carefully  documented. 

2 . 3 . 1 . 3  Accuracy  of  Simple  Manometer  Systems 

The  error  introduced  by  the  indicating  equipment  is  often 
larger  than  that  associated  with  the  probe.  These  errors  are  often 
fixed  errors  which  are  not  revealed  by  scatter  in  the  final  data. 

Suspected  or  non-standard  instruments  should  be  calibrated 
over  their  full  range  against  an  instrument  of  known  accuracy.  How¬ 
ever,  the  accuracy  of  the  calibrated  instrument  sho'’ld  not  be  taken  as 
that  of  the  standard  Instrument  (which  is  often  done)  because  such 
practice  can  lead  to  errors  larger  than  anticipated.  That  is,  the 
calibrated  Instrument  may  possess  normal  repeatability,  reading,  or 
zero-shift  errors  which  are  larger  than  those  of  the  calibrating  instru¬ 
ment  and  which  are  hidden  during  a  careful  calibration.  Once  calibrated, 
the  instrument  should  be  assigned  a  probable  error,  depending  upon  its 
design. 

The  apparatus  (Ref.  66)  illustrated  in  the  next  sketch  is 
recommended  for  calibration.  This  apparatus  eliminates  atmospheric 
pressure  fluctuations  and  reduces  thermal  effects  by  evacuating  instead 
of  pressurizing  the  reference  reservoir. 
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The  accuracy  of  a  ■anometer  depends  upon  the  factors  discussed  below. 


Unlforslty  of  the  Bore. — Except  for  the  inclined  manometer, 
any  small  variation  in  the  bore  of  the  tubes  does  not  appx'eciably  af¬ 
fect  the  differential  height.  In  the  case  of  long,  large-bore  tubes 
it  may  have  a  slight  effect  on  the  zero  level. 


Meniscus-Capillary  Errors. — The  shape  of  the  surface  of  sepa¬ 
ration  between  two  fluids  at  rest  Is  a  function  of  the  relative  magni¬ 
tude  of  the  gravity  forces,  the  forces  of  cohesion  between  the  fluid 
molecules,  and  the  forces  of  adhesion  between  the  fluid  molecules  and 
those  of  the  container  walls.  The  shape  of  the  wall-boundary  of  the 
fluid  depends  predominantly  upon  the  last  two  phenomena,  while  gravi.y 
and  cohesive  (surface  tension)  forces  govern  the  shape  of  that  part  of 
the  surface  at  a  distance  from  the  walls. 


The  governing  attractive  force  in  a  fluid  is  usually  de¬ 
scribed  by  the  tendency  of  the  fluid  to  wet  its  container  walls.  If 
the  fluid  wets  the  wall,  the  meniscus  is  concave  upwards  and  adhesive 
forces  predominate.  If  the  fluid  does  not  wet  the  wall,  the  meniscus 
is  concave  downward  and  cohesive  effects  predominate. 


Water,  alcohol,  kerosene,  and  many  other  fluids  wet  the  con¬ 
tainer;  mercury  and  some  others  do  not.  Detergents  and  other  wetting 
agents  are  often  added  to  water  to  minimize  the  meniscus  error.  If 
the  meniscus  always  retained  the  same  shape,  its  existence  would  in¬ 
troduce  no  error.  However,  sticking  of  the  meniscus  as  the  fluid  moves  • 

up  or  down  the  tube  changes  its  configuration,  introducing  random  errors 
in  the  determination  of  the  column  height.  To  minimize  this  error,  tie 
height  of  the  column  is  taken  at  the  center  of  the  meniscus.  The  shape 
of  the  meniscus  is  also  a  function  of  the  tube  diameter;  the  error  de¬ 
creases  with  increasing  tube  diameter.  Tubes  of  3/8-in.  or  larger  bore 
are  recommended,  if  this  error  is  to  be  minimized. 


Capillary  forces  not  only  produce  a  meniscus,  but  cause  an 
elevation  or  depression  of  the  entire  column.  This  effect  is  also  a 
function  of  tube  diameter. 
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A  useful  spproxlsste  relation  for  ssall  tubes  such  as  shown  in  the 
sketch  is 


Ah  =  g 

c  pr 


(2-21) 


where 


-  saxisuB  capillary  elewation 


r  =  inside  tube  radius 
i  =  surface  tension 
0  =  fluid  angle  at  the  wall 
p  =  fluid  density 
(all  in  consistent  units) 

21 

When  the  fluid  wets  the  tube,  0  is  zero  and  dh^  becomes  — .  Values 

c  pr 

of  ^  are  given  in  Table  2-1  for  many  different  fluids.  The  angle  6 

depends  not  only  on  the  fluid,  but  also  on  the  surface  material,  rough¬ 
ness,  and  whether  the  wall  is  wet  or  dry  as  the  meniscus  passes  over  it. 
Since  6  is  usually  quite  small,  the  tabulated  values  of  ^^r  in 

Table  2-1  are  a  fair  approximation  for  the  general  case.  The  surface 
of  a  tube  in  which  the  fluid  is  falling  is  wetted,  and  one  where  it  is 
rising  is  not  wetted;  hence  one  source  of  error  is  lessened  if  the 
levels  are  allowed  to  oscillate  before  coming  to  equilibrium.  This 
equation  should  therefore  be  regarded  only  as  an  Indication  of  the  un¬ 
certainty  Interval  due  to  capillarity  and  not  as  a  correction  factor. 


Source:  Ref.  1 


VERTICAL  TUBE 


INCLINED  TUBE 


The  meniscus  is  elongated  in  the  inclined  manometer,  as  shown 
above,  the  distortion  increasing  with  the  slope  angle.  The  capillary 
uncertainty  Interval  from  Table  2-1  should  be  applied  to  the  reading 
in  vertical  Inches  of  fluid.  Thus,  there  is  a  minimum  angle  below 
which  increased  sensitivity  is  trivial  in  comparison  to  the  capillary 
error.  A  slope  of  10:1  is  probably  the  practical  limit. 

Density  Gradients. — Temperature  gradients  are  the  only  phenom¬ 
ena  which  will  produce  significant  density  gradients  in  a  manometer. 
Variation  of  fluid  density  with  pressure  is  negligible  up  to  pressures 
of  many  hundred  psl.  If  a  temperature  gradient  is  known  to  exist  along 
the  manometer,  a  correction  can  be  calculated  from  the  coefficients  of 
thermal  expansion  given  in  Table  2-1.  This  effect  is  usually  neglig¬ 
ible  in  the  simple  manometer,  but  may  become  significant  for  very  long 
manometers  or  in  the  micromanometers  to  be  discussed  later.  Instru¬ 
ments  with  expected  errors  of  the  order  of  0.001  in.  of  water  or  less 
must  be  shielded  from  thermal  effects  (drafts  and  direct  sunlight)  by 
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an  appropriate  zone  box  or  agitated  liquid  bath.  Thermal  expansion  of 
the  fluid  in  an  instrument  with  an  inadequate  reservoir  will  cause  a 
shift  in  zero,  but  this  is  easily  corrected  with  a  shift  of  scale  or 
reservoir  level. 


Scales. — Common  scales  can  be  read  to  0.05  in.,  which  is  a 
smaller  value  than  the  probable  error  of  a  simple  manometer.  Cross 
hairs,  microscopes,  illuminated  fields,  and  fluid  coloring  are  often 
used  to  make  the  meniscus  more  visible  and  to  eliminate  parallax.  Use¬ 
ful  coloring  agents  are  presented  in  Table  2-1.  Thermal  elongation  of 
scales  is  negligible  compared  to  fluid  expansion  errors. 


Service  Conditions. — Evaporation  and  mixing  of  the  fluid  or 
fluids  will  change  the  fluid  density  and  instrument  calibration,  and 
will  shift  the  instrument  zero,  which  is  easily  compensated  by  periodic 
scale  adjustments.  Changes  of  density  often  occur  where  two  fluids  are 
in  contact  and  diffuse  into  one  another.  This  problem  occurs  when  the 
bi-fluid  U-tube  is  used.  Some  fluids  are  mixtures  and  may  be  subject 
to  density  changes  through  selective  distillation.  In  any  event,  peri¬ 
odic  checks  should  be  made  cf  fluid  density. 


Dirt  on  the  walls  of  the  manometer  tubes  not  only  obscures 
the  reading,  but  also  causes  random  changes  in  meniscus  shape  and  capil¬ 
lary  elevation  as  the  fluid  traverses  the  tube.  Proper  cleaning  re¬ 
duces  the  error;  some  fluids  are  solvents  and  tend  to  be  self-cleaning 
(Table  2-1;  also  see  Subsec.  2. 3. 1.2). 


On  multi-tube  manometers  (such  as  that  shown  in  Fig.  2-16) 
using  mercury  as  the  fluid,  a  simple  feature  of  manometer  design  can 
markedly  decrease  the  frequency  of  board  disassembly  and  tube  cleaning. 
The  mercury  well  at  the  base  of  the  tubes  is  sloped  at  an  angle  of  ap¬ 
proximately  6  deg.  The  well  is  made  of  stainless  steel,  and  the  stain¬ 
less  steel  nipples  are  Inserted  into  the  common  well  so  that  the  open¬ 
ing  is  well  below  the  top  of  the  mercury  filled  well.  The  last  nipple 
at  the  upper  end  of  the  well  does  not  penetrate  the  mercury  and  is  at¬ 
tached  to  a  tube  of  much  larger  bore.  Since  dirt  and  most  contaminants 
float  on  mercury,  the  debris  does  not  enter  any  of  the  working  tubes, 
but  floats  along  the  well  to  the  last  nipple  and  deposits  on  the  walls 
of  the  larger-bore  "scavenging"  tube. 


Pressure  hookups  should  be  open,  free  of  leaks,  and  free  of 
liquid.  If  fluid  is  accidentally  blown  into  the  pressure  lines,  great 
care  must  be  exercised  to  remove  all  the  fluid  from  the  lines.  Any 
fluid  accumulation  which  does  not  lie  in  a  perfectly  horizontal  line 
will  produce  an  error.  This  type  of  error  is  illustrated  in  the  sketch 
below,  where  Ahj^  is  the  indicated  reading  and  Ah'  is  the  error  due  to 
fluid  in  the  hose  connection.  This  is  a  common  and  often  sizable  fixed 
error  which  is  difficult  to  detect  in  the  final  data. 


Source:  Ref.  1 
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2.3. 1.4  Precision  Manometers  (Micromanometers) 

Many  devices  have  been  designed  to  increase  the  sensitivity 
of  the  manometer  by  reducing  one  or  more  of  the  sources  of  error. 
Null-reading  instruments  in  which  the  liquid-gas  surface  is  stationary 
reduce  the  inherent  capillary  errors.  Optical  instruments  may  reduce 
scale  reading  errors.  A  manometer  with  an  accuracy  of  less  than  0.01  in. 
of  water  is  commonly  called  a  micromanometer.  Various  forms  of  micro¬ 
manometers  are  described  below. 

Coles'  Low-P>ressure  Mult  imanomet  er . — This  manometer  (Ref,  43) 
was  designed  to  measure  a  number  of  very  low  pressures  under  the  handi¬ 
cap  of  a  very  high  upper  limit  on  the  pressures.  A  conventional  manom¬ 
eter  using  a  light  fluid  and  low  reference  pressure  was  deemed  most 
suitable  for  the  anticipated  pressures  in  the  range  of  2  to  15  mm  Hg. 


As  a  compromise  for  the  desirable  properties  of  low  viscosity, 
low  volatility,  and  uniform  wetting  characteristics,  one  of  the  silicone 
fluids  (DC-200  fluid,  manufactured  by  Dow  Corning  Corporation,  Midland, 
Mich.)  with  a  viscosity  of  about  10  centistokes  appeared  to  be  quite 
satisfactory.  The  specific  gravity  of  the  fluid  was  measured  under  the 
conditions  of  use. 


Each  of  the  40  tubes  In  the  manometer  was  provided  at  the  top 
with  a  two-way  sliding  valve,  snown  in  Fig,  2-19,  so  that  any  tube  could 
be  connected  either  to  the  reference  vacuum  (equalized  position)  or  to 
the  tunnel  pressure  (reading  position).  The  sliding  valves  could  be 
operated  by  remote  control  through  individual  pneumatic  pistons,  which 
were  supplied  with  air  at  125  pslg  through  a  solenoid  valve.  The  slid¬ 
ing  valves  were  spring-loaded  to  assume  the  equalized  position  when  the 
actuating  air  pressure  was  less  than  about  80  psig,  and  the  valves  could 
also  be  operated  manually  and  locked  in  either  position  when  desired. 

Experience  with  low-pressure  manometers  suggests  several  pre¬ 
cautions  for  preventing  damage  to  the  manometer  in  case  one  or  more  of 
the  tubes  is  exposed  to  a  pressure  higher  than  the  range  of  the  instru¬ 
ment,  in  the  present  instance  110  mm  Hg  abs. 

Banks  of  ten  tubes  were  manifolded  together  to  a  single  fluid 
reservoir  and  the  four  reservoirs  were,  in  turn,  interconnected  through 
a  system  of  valves.  The  manifolds,  however,  were  slanted  at  about 
45  deg  and  were  placed  at  the  rear  of  the  manometer  at  a  position  well 
above  the  lowest  point  of  the  individual  tubes.  Thus,  if  air  entered 
the  manifolding  system  under  pressure  through  a  tunnel  line,  the  manom¬ 
eter  fluid  would  be  forced  into  the  reservoir  and  the  tubes  would  be 
by-passed.  After  all  tubes  of  the  manometer  are  equalized,  the  refer¬ 
ence  vacuum  may  be  restored  and  the  manometer  made  ready  for  use  in 
about  half  an  hour.  It  is  essential  to  provide  adequate  drainage  into 
the  reservoir  or  glass  tubes  for  the  valve  system  passages,  since  dis¬ 
solved  air  may  occasionally  carry  liquid  into  the  valve  block  when  the 
manometer  is  being  evacuated. 


The  manometer  also  has  provisions  for  connecting  any  one  of 
the  model  pressure  lines  to  an  auxiliary  vacuum  pump  or  to  a  source  of 
pressure  through  an  auxiliary  passage  in  the  valve  block,  so  that  model 
lines  may  be  checked  for  leakage  or  identified. 
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Under  steady  conditions  and  when  reasonable  care  is  exer¬ 
cised,  the  difference  in  pressure  between  the  reference  vacuus  and  a 
given  model  orifice  can  be  read  with  an  accuracy  of  about  0.3  ss  of 
silicone  fluid,  or  0.02  ms  Hg.  For  pressures  greater  than  10  ss  Hg 
the  reference  pressure  of  20  microns  can  usually  be  neglected,  and  the 
manometer  thus  becomes  an  absolute  pressure  instrument.  However,  when 
pressures  are  measured  in  this  lower  range,  care  should  be  taken  to 
establish  equilibrium  between  the  pressures  at  the  nanometer  and  at 
the  model.  The  time  required  to  reach  equillbrius  nay  be  of  the  order 
of  ten  minutes,  and  since  two  or  three  minutes  are  sufficient  to  read 
the  manometer  fluid  levels  visually,  it  appears  that  photographic  re¬ 
cording  of  data  at  low  pressures  is  not  always  advantageous  and  may 
even  Involve  a  sacrifice  in  accuracy  without  a  compensating  saving  in 
t  Ime. 


Me Leod  Gage. — The  McliBod  gage  is  a  primary  standard  for  mea¬ 
suring  very  low  absolute  pressures  (Ref.  67),  i.e.,  0.001  to  1  mm  Hg. 

A  special  McLeod  gage  (Ref.  68),  developed  for  the  University  of  Cali-  • 

fornla  Low  Density  Wind  Tunnel,  is  unique  in  that  it  has  a  low,  flat, 
stainless-steel  reservoir  to  contain  the  mercury;  a  large  glass  com¬ 
pression  volume;  and  long,  relatively  large  diameter,  precision  bore 
capillaries.  This  combination  of  features  has  resulted  in  an  instru¬ 
ment  capable  of  measuring  pressures  from  a  small  fraction  of  a  micron 
of  mercury  to  2.38  psf  (850  microns)  with  an  accuracy  of  approximately 

0.2^  in  the  range  from  35  to  850  microns  (0.096  to  2.38  psf).  A  pre-  • 

cise  mechanism  to  measure  the  differential  heights  of  the  mercury 
columns  has  also  been  provided.  Optical  elements,  one  fixed  at  the 
top  level  of  the  closed  capillary  and  one  mounted  on  a  translating  nut, 
are  used  to  view  enlarged  images  of  the  menlscuses.  The  nut  is  posi¬ 
tioned  by  a  hand-driven  precision  screw.  The  differential  height  is 
automatically  indicated  by  a  five-digit  Veeder-Root  counter  connected 

to  the  precision  screw  with  approximate  gearing,  the  least  count  being  • 

0.001  in. 


Precision  Oil  Manometer. — The  precision  oil  manometer 
(Ref.  69),  capable  of  measuring  pressures  up  to  5.5  psf  (20  mm  Hg) , 
can  be  used  whenever  rapid  and  continuous  (as  opposed  to  sampling)  mea¬ 
surements  are  desired.  Special  design  features  include  the  large-bore 
glass  tubing  Instead  of  the  usual  capillary  tubing  and  the  large-size 
valves  in  the  manifold  block.  Precision  screws,  hand-driven  and  with 
suitable  gearing,  control  the  level  of  the  optical  elements  used  to 
view  the  menlscuses.  To  avoid  errors,  a  mechanical  differential  is 
geared  directly  to  the  screws,  with  the  output  shaft  connected  to  a 
mechanical  counter.  The  gearing  and  screw  characteristics  are  such 
that  the  counter  registers  directly  in  thousandths  of  an  inch.  The 
differential  height  can  be  determined  immediately  by  the  operator. 

P>rec ision  Mercury  Manometer. — For  measuring  stagnation  pres¬ 
sures  in  a  low-density  wind  tunnel  (Ref.  67),  a  mercury  manometer  can 
be  built  to  follow  conventional  wind-tunnel  design  procedure  with  a 
large,  glass,  mercury  reservoir,  which  can  be  connected  to  the  pressure 
being  measured,  and  a  single  vertical  tube  connected  to  a  very  low  ref¬ 
erence  pressure.  An  optical  element  is  used  to  view  the  enlarged  image 
of  the  meniscus,  with  a  motor-driven,  precision  screw  controlling  the 
level  of  the  optics  mounting  platform.  The  height  of  the  column  is  in¬ 
dicated  by  a  five-place  mechanical  counter  connected  directly  to  the 
screw.  Cold  traps  are  used  to  Isolate  the  mercury  reservoir  and  column 
from  the  reference  pressure  and  tunnel  areas.  This  precaution  is  ta'^en 
to  prevent  the  migration  of  mercury  vapor. 
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Precision  Thernistor  Manoseter. — The  desire  to  measure  local 
model  pressures  with  some  degree  of  accuracy  at  very  low  densities  has 
led  to  the  development  of  a  special  temperature-controlled  precision 
thermistor  manometer.  This  instrument  (Ref.  70)  makes  use  of  a  small- 
volume  heat  conductivity  or  Plranl-type  gage.  By  reason  of  its  small 
size  and  electrical  operation,  this  sensitive  element  can  be  located 
within  the  tunnel  shell  (open- Jet  with  enclosing  chamber),  thereby  re¬ 
ducing  the  time  response  of  the  gage  system,  or  for  a  given  time  con¬ 
stant,  permitting  a  much  smaller  sensing  orifice  (Ref.  71). 


Flow  Corporation  Micromanometer. — This  commercially  avail¬ 
able  micromanometer  (Ref.  19)  is  designed  to  measure  small  pressure 
differences  with  an  accuracy  of  +  0.0002  in.  of  manometer  fluid  over 
its  2-in.  operating  range.  This  tolerance  corresponds  to  a  pressure 
difference  of  six  millionths  of  one  psi  with  the  manometer  fluid  sup¬ 
plied.  The  unit,  shown  schematically  in  Fig.  2-20,  operates  on  a  sim¬ 
ple  principle  first  proposed  by  Prandtl.  Its  basic  function  is  to 
measure  the  unknown  pressure  difference  between  two  points.  To  achieve 
this  measurement  (referring  to  the  schematic)  the  first  point  is  con¬ 
nected  by  tubing  to  Tap  1  (the  "static"  tap)  and  the  other  point  to 
Tap  2.  The  zero  of  the  Instrument  is  then  determined  by  turning 
Valve  2  to  "zero”  (placing  the  static  pressure  at  both  points  A  and  B) 
and  adjusting  micrometer-screw  C  until  the  meniscus  coincides  with  the 
hairlines  viewed  through  the  optical  eyepiece.  This  micrometer  reading 
is  the  zero  value.  The  unknown  pressure  difference  is  placed  between 
points  A  and  B  by  turning  Valve  2  to  the  "on"  position  and  adjusting 
the  micrometer  screw  until  the  meniscus  again  coincides  with  the  hair¬ 
line.  This  reading  minus  the  zero  value  is  the  desired  pressure  dif¬ 
ference  in  Inches  of  manometer  fluid.  Valve  1  permits  observation  of 
any  of  the  pressures  at  Taps  1,  2,  3,  and  4  independently  against  a 
closed  reservoir. 


NACA  Micromanometer. — This  industrial  and  laboratory  instru¬ 
ment  employs  an  inclined  tube  connected  by  flexible  tubing  to  a  large 
reservoir  (Fig.  2-21).  The  inclined  tube,  with  a  slope  of  about  20:1, 
is  raised  and  lowered  by  an  accurate  screw.  The  reference  level  is  set 
at  zero  pressure  differential  by  elevation  of  the  reservoir  until  the 

axial  point  of  the  meniscus  coincides  with  a  mark  scribed  on  the  in-  • 

dined  tube.  After  application  of  the  pressure  differential,  the  null 
is  re-established  by  raising  the  Inclined  tube  until  the  axial  point  of 
the  meniscus  again  coincides  with  the  mark  on  the  tube.  The  value  of 
^  is  then  read  by  noting  rotations  and  fractions  of  rotations  of  the 
screw  on  a  suitably  calibrated  dial.  The  meniscus  should  always  ap¬ 
proach  the  null  mark  in  the  same  direction,  maintaining  the  meniscus 

shape  as  constant  as  possible.  Alcohol,  kerosene,  or  alcohol-water  • 

mixtures  (2:1)  minimize  capillary  distortion. 


The  screw  should  be  accurate  within  0.005  in.  in  lead  to  re¬ 
duce  mechanical  errors.  The  reservoir  cross-section  should  be  at  least 
40  times  the  area  of  the  connecting  hose  to  minimize  changes  in  reser¬ 
voir  level  due  to  variations  in  hose  diameter.  Since  the  length  of  the 
fluid  column  is  constant,  there  is  no  fluid  outflow  from  the  reservoir 
to  cause  error. 


The  normal  accuracy  of  this  instrument  has  been  determined 
experimentally  to  be  0.001  in.  of  water.  Within  this  limitation,  it 
may  be  taken  as  a  p-essure  standard  without  further  calibration.  Its 
advantage  is  a  range  of  10  in.  or  more,  combined  with  rugged  construc¬ 
tion. 


•  •  • 


•  • 
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This  manometer  has  also  been  fitted  with  a  Chat  t  oc-'-t  ype 
bubble  indicator  and  microscope  as  described  in  Ref.  1,  giving  accura¬ 
cies  of  the  order  of  0.0001  in.  of  water  with  a  very  accurate  lead 
screw  or  suitable  calibration.  Such  modification  introduces  the  same 
practical  limitations  as  other  bubble- indicat Ing  equipment. 

Fox boro  Micromanometer. — Most  micromanometers  are  limited  to 
operation  close  to  atmospheric  pressure  by  strength  considerations. 

There  is  a  demand  in  research  for  an  accurate  micromanometer  wnich  will 
withstand  average  pressures  of  100  psi  or  more.  The  Foxboro  Compan  's 
simple  hydrostatic  U-tube  manometer  fitted  with  a  sensitive  electrical 
level-indicator  fulfills  this  requirement.  This  instrument  employs 
large  glass  tubes  (2  in.  l.d.)  of  accurate  bore  to  minimize  capillary 
and  meniscus  errors.  The  tubes  are  supported  in  an  enclosing  heav; 
steel  frame  which  reduces  high  pressure  deflection  errors.  The  level 
of  the  liquid  (water  with  a  wetting  agent)  is  indicated  by  a  special 
brass  float  guided  up  one  tube  with  little  friction.  The  position  of 
the  float  is  determined  by  a  center-tapped  induction-coil  traversed 
and  nulled  on  the  float  by  a  micrometer  which  then  indicates  the  fluid 
level  above  the  zero  position.  The  split  coil  forms  two  branches  of  a 
phase-sensitive  impedance-bridge  which  is  balanced  at  only  one  fixed 
position  of  the  float,  relative  to  the  coll.  Balance  of  the  bridge  is 
noted  by  a  suitable  galvanometer  operating  through  a  modified  SR-4 
strain-indiv-'at  or . 

The  instrument  has  the  advantage  of  a  range  of  6  in.  or  mo.  e, 
with  good  accuracy  at  average  pressures  of  0  to  100  psig.  The  device 
is  rugged  enough  for  industrial  use  and  is  adaptable  to  automatic  coi - 
trol  and ''or  recording  service.  It  may  be  regarded  as  a  standard  within 
its  accuracy  limitations. 

Reference  72  shows  an  experimental  determination  of  the  in¬ 
herent  accuracy  of  this  instrument.  An  uncertainty  interval  of 

_3 

1  '  ’.0  in.  of  water  at  20:1  odds  over  the  full  scale  was  reported. 

A  human  error  uncertainty-interval  based  on  20:1  odds  of  approximate!', 

_3 

0.4  X  10  in.  of  water  was  also  reported.  Above  20  psig,  zero-differ¬ 
ential  readings  are  necessary  at  the  required  average  pressure  level 
to  eliminate  zero-shift  errors  due  to  frame  deflection,  etc.  Thermal 
effects  require  zero-differential  readings  at  frequent  intervals. 

Concentric  Tube  Manometer. — Another  micromanometer  for  roea- 

- - 

surement  of  differential  pressures  greater  than  10  in.  of  water  with 
tolerable  accuracy  is  reported  in  Ref.  73.  The  instrument  uses  concen¬ 
tric  tubes  to  form  fluid  passages  and  provides  for  remote  indication  of 
the  level  in  the  central  tube  by  means  of  a  mirrored  float  and  telescope 
and  scale  arrangement.  The  greatest  Instrument  sensitivity  obtained 

_5 

was  3.15  X  10  in.  of  water  applied  pressure  per  millimeter  of  scale 
reading.  Greater  sensitivities  are  reportedly  possible. 

Spherical  Float  M ic roma nometer . — This  Italian  micromanometer 
(Ref.  74)  consists  of  a  spherical  float  suspended  from  two  wires  and 
floating  in  the  fluid  as  shown  in  the  next  sketch.  A  very  slight  change 
in  fluid  level  rotates  the  sphere  markedly. 
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"Barn  Gate"  Micro- Pressure  Gage. — The  "Barn  Gate"  micro- 
pressure  gage  developed  by  the  GALCIT  hypersonic  tunnel  staff  has  a 
maximum  measurement  range  of  one  inch  of  silicone  oil  with  an  accuracy 
of  0.001  in.  The  glass  tube  which  was  fashioned  in  the  shape  of  a 
barn  gate  was  pivoted  at  one  end,  and  the  other  end  was  raised  or 
lowered  by  a  micrometer.  A  very  fine  wire  located  in  the  tube  oppo¬ 
site  the  pivot  showed  the  balance  point  when  it  penetrated  the  liquid. 
The  point  of  penetration  was  observed  by  means  of  a  microscope. 


Single-Tube  Microma nometer. --This  single-tube  micromanometer 
(manufactured  by  the  Ideal  Tool  Co.,  Cheyenne,  Wyo. )  has  been  used  suc¬ 
cessfully  at  the  AEDC  Gas  Dynamics  Facility  when  protected  against 
slight  temperature  changes.  The  unit,  obtainable  in  30-  and  80-in, 
heights,  has  a  fluid  height  accuracy  of  +  0.001  in.  The  inner  bore  oi 
the  tube  is  approximately  1  in,  in  diameter.  A  readout  system  consist¬ 
ing  oi  two  photo-cells  mounted  on  a  lead  screw  to  trace  the  meniscus 
can  be  provided.  The  lead-screw  motion  is  digitized  b;;  a  Coleman 
digit izer. 

2.3.2  Mechanical  Pressure  Indicators 


i’ress'ires  greater  than  aboot  three  atmospheres  are  often  mea¬ 
sured  by  meciianical  gages  (on  a  pressure-indicating  dial),  usually  as 
the  excess  of  the  pressure  over  the  ambient  atmospheric  pressure.  Most 
of  the  industrial  gages  currently  in  use  are  adaptations  of  the  simple 
principle  of  the  Bourdon  gage. 

2.3.2. 1  Bourdon  Gage 


The  common  mechanical-deflection  instrument  is  the  Bourdon 
gage.  In  this  instrument.  Illustrated  below,  a  circular  metal  tube  is 
deflected  by  the  differential  between  internal  and  external  (usually 
atmospheric)  pressure. 


Source:  Ref.  64 
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The  Bourdon-tube  deflection  Is  comuniceted  through  s  rsck-and-pinlon 
or  helicel-caa  sechanlss  to  a  pointer.  The  range  of  this  type  of  gage 
extends  froa  about  1  in.  Hg  to  thousands  of  pel.  The  instruaents  are 
subject  to  frictional  sticking  and  should  be  rapped  or  vibrated  for 
accurate  readings.  The  saallest  gage  division  usually  indicates  the 
order  of  the  error  in  a  new  instruaent.  Per  accurate  data,  the  gages 
aust  be  periodically  calTBrated  on  a  dead-wdi  ht  tester  over  the  entire 
scale-range.  At  the  saae  tiae,  instruaent  repeatability  should  be  in¬ 
vestigated  in  order  to  deteraine  the  likely  error  from  frictional  stick¬ 
ing.  Manufacturers  supply  data  on  the  approxiaate  accuracy  of  new 
gages.  Further  inforaation  on  Bourdon  gages  is  given  in  Refs.  75  and  76. 

2. 3. 2. 2  Bellows  or  Diaphraga  Gages 

Instruaents  which  rely  upon  the  deflection  of  a  sylphon  bel¬ 
lows  or  aetallic  diaphraga  are  available  for  accurate  indication  of 
differential  pressures  as  low  as  0.01  in.  of  water.  Such  a  aechanism 
is  commonly  employed  in  recording  pressure  indicators  and  in  barometers. 
These  devices  are  readily  adaptable  to  automatic  control,  but  are  deli¬ 
cate  and  unsuited  for  experimental  work  in  general.  Manufacturer's 
catalogs  (e.g. ,  Ref.  77)  nay  be  consulted  for  detailed  specifications 
of  the  various  types. 

2.3.3  Pressure  Transducers 


Autoouitlc  recording  of  pressures  is  obviously  needed  to  avoid 
excessive  time  delays  between  test  and  evaluation,  to  reduce  human 
errors,  and  to  make  pressure  testing  competitive  with  force  testing  in 
terns  of  time.  As  a  result,  there  has  been  rather  extensive  develop¬ 
mental  work  in  the  field  of  pressure  transducers  of  various  types. 
Transducers,  in  general,  used  as  pressure-measuring  devices  have  a 
voltage  output  which  can  be  recorded  on  any  proven  analog-to-digital 
recorder.  Such  outputs  can  also  be  amplified  and  operated  on  in  digi¬ 
tal  or  analog  form  to  produce  the  desired  coefficients  or  ratios.  The 
main  problems  with  transducers  involve  1)  accuracy  of  reference  pres¬ 
sures,  2)  effects  of  temperature,  and  3)  size  of  transducer,  i.e.,  small 
enough  to  mount  inside  the  model  to  minimize  lag  and  leakage  problems. 


Pressure  Indicators  employing  unbended  strain  gages  to  mea¬ 
sure  the  deflection  of  a  metallic  diaphragm  have  been  developed  into 
commercial  instruments.  These  gages  offer  the  advantage  of  electrical 
recording  and/or  control.  They  will  accurately  measure  non-steady  pres¬ 
sures  with  a  frequency  up  to  about  300  cps,  depending  on  the  particular 
gage.  The  use  of  an  unbonded  strain  gage  reduces  the  mass  attached  to 
the  diaphragm,  giving  the  gage  a  higher  natural  frequency  than  that  of 
common  pressure-indicators.  If  the  pressure- indicator  is  attached  to 
a  pressure  probe  and  a  pressure  hookup,  a  dynamic  evaluation  of  the  in¬ 
dicated  pressure  output  must  include  the  system  characteristics  as  well 
as  those  of  the  diaphragm-strain  element.  These  gages  are  commercially 
available  with  an  accuracy  of  I’i  of  full  range  and  a  sensitivity  of  0.1^ 
of  full  range.  The  available  ranges  run  from  0  to  0.5  psi,  to  0  to 
10,000  psi  (Ref.  78)  differential  or  "gage"  pressure.  However,  these 
instruments  are  relatively  expensive  compared  to  the  simple  hydrostatic 
or  mechanical  displacement  instruments.  Most  commercially  available 
transducers  of  the  strain-gage  type  are  temperature  sensitive  in  that 
the  zero  drifts  as  the  ambient  temperature  of  the  instrument  varies. 

This  may  be  controlled  by  locating  the  transducer  in  a  controlled  tem¬ 
perature  environment.  In  some  such  transducers,  carbon  resistors  have 
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been  added  to  tbe  circuitry  to  adjust  the  gage  factor  to  a  specified 
value,  and  it  has  been  found  that  resoval  of  this  resistor  mlnlslzes 
the  sensitivity  to  tesperature. 

Below  is  a  partial  listing  of  sanufacturers  from  whom  pres¬ 
sure  transducers  are  commercially  available. 


1.  Consolidated  Electrodynamics  Corp.  (CEC),  300  N.  Sierra  Madre 
Villa,  Pasadena,  Calif. 

2.  Electronic  Engineering  Associates,  Ltd,,  778  El  Camlno,  San 
Carlos,  Calif. 

3.  Statban  Isboratories,  12401  V.  Olympic  Blvd.,  Los  Angeles, 
Calif. 

4.  Vlancko  Engineering  Co.,  2670  N.  Fair  Oaks,  Altadena,  Calif. 


Pressure  transducers  of  the  "home-made"  type  are  used  at  some 
facilities.  These  include: 


1.  NACA  miniature  pressure  pickup  (described  In  NACA  TN  2659). 

2.  NACA  capsule  and  digital  recorder  (described  in  NACA  TN  2880). 

3.  NOL  pressure  gage  (described  in  NAVORD  3630). 

4.  University  of  Michigan  capsule.  Uses  pre-stretched  flat  dia¬ 
phragm  with  Schaevitz  transformer  with  maximum  error  less 
than  +  0.125  mm  Hg  (described  in  Report  UMM-59) . 

It  is  generally  agreed  that  knowledge  of  the  static  pressure 
to  about  +  is  sufficiently  accurate  for  most  pressure  tests  below 
Mach  number  5.  On  this  basis,  probes  and  recording  instruments  should 
be  accurate  to  +  0.1  to  0.25'^.  Experience  at  North  American  Supersonic 
Aerodynamic  Laboratory  indicates  measurement  accuracies  of  +  0.003  and 
*  0.008  in.  Hg  for  static  and  total  pressures,  respect ively7  with 
Wiancko  transducers.  Total  bead  errors;  are  in  general  two  to  three 
times  those  of  static  pressure  errors. 


At  the  Co-operative  Wind  Tunnel  it  was  observed  that  Statham 
and  CEC  differential  pressure  transducers  have  a  2^  difference  in  gage 
factor  for  negative  and  positive  pressure  differences  due  to  unequal 
diaphragm  end  effects. 

«  • 

2.3.3. 1  WADC  Pressure  Transducer 

This  Instrument  (patent  pending)  was  designed  and  constructed 
for  application  in  a  multiple  pressure-measuring  device  suitable  for 
automatic  pressure-distribution  measurements  on  wind-tunnel  models. 

The  transducer  is  also  intended  for  use  in  all  applications  where  a  ^ 

high-accuracy  instrument  is  required  for  absolute  and  differential  pres-  ^ 

sure  measurements. 


It  has  been  found  that  accuracies  of  0.1^  of  applied  load  can 
be  obtained  with  strain-gage-type  force-measuring  devices  if  certain 
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precautions  are  taken  In  respect  to  the  load  member  design,  straii.-gagc 
application  procedure,  and  instrumentation.  Based  on  this  experience, 
the  pressure  transducer  is  designed  around  a  bonded  strain-gage-type 
sensing  element. 

The  pressure  to  be  measured  is  applied  to  a  bellows  whicli  is 
restrained  by  the  strain-gage  flexure  system.  In  order  to  'cep  the  in¬ 
strument  dimensions  small,  a  bellows  diameter  of  1-1  '2  in.  ..as  selected. 
Figure  2-22  shows  various  details  and  the  external  configuration  of 
such  an  Instrument. 


Due  to  the  small  bellows  diameter  the  forces  transmitted  to 
the  flexure  system  are  small;  therefore,  a  tension  compression-type 
flexure  was  impractical  and  a  suitable  bending-type  flexure  had  to  be 
developed.  Extensive  experimental  work  showed  that  this  type  of  flex¬ 
ure  fulfills  several  essential  requirements.  First,  since  it  wraps 
around  the  bellows,  it  requires  a  minimum  of  space,  which  keeps  the 
volume  of  the  transducer  small.  Second,  it  provides  ample  space  for 
the  application  of  strain  gages.  Third,  it  approximates  closely  the 
movement  of  a  parallelogram,  which  results  in  turn  in  a  rigid  guidance 
of  the  bellows  close  to  its  longitudinal  axis  under  applied  load  as 
shown  in  Fig.  2-23. 

The  bellows  is  rigidly  attached  to  the  flexure  at  one  end; 
the  other  end  is  bolted  to  a  steel  base  plate  to  which  the  flexure  is 
also  mounted. 


Great  care  should  be  taken  to  install  the  bellows  so  that  it 
is  stress  free  in  the  flexure  assembly  in  order  to  avoid  a  condition 
which  would  result  in  calibration  errors.  If  a  maladjustment  were 
present,  the  bellows  would  act  as  a  pre-stressed  spring  which  would 
enforce  the  movement  of  the  flexure  in  one  direction  and  restrain  it 
in  the  other  direction,  resulting  in  a  change  in  the  calibration  con¬ 
stant.  It  is  obvious  that  in  order  to  maintain  the  same  stress-free 
relationship  between  flexure  and  bellows  under  varying  temperatures, 
the  temperature  expansion  coefficient  for  bellows  and  flexure  should 
be  the  same.  This  condition  has  been  met  closely  by  using  a  stainless- 
steel  bellows  and  a  steel  flexure  assembly.  A  secondary  purpose  of  the 
utilization  of  stainless  steel  is  the  prevention  of  corrosion  within 
the  instrument.  The  bellows  is  welded  pressure  tight  to  its  steel 
flanges. 


The  pressure  seals  consist  of  rubber  O-rings,  the  housing  is 
aluminum,  and  all  other  parts  are  made  of  steel.  The  pressure  connec¬ 
tions  to  the  bellows  and  housing  are  silver  soldered,  and  the  electri¬ 
cal  leads  are  cemented  in  position. 


Over  a  period  of  at  least  24  hr  before  the  calibration  st  rts, 
the  strain-gage  bridge  should  be  temperature  compensated  and  checked  for 
drift.  (During  operation  the  calibration  room  should  be  air  conditioned, 
the  room  temperature  should  not  vary  more  than  i2°F,  and  the  instrument 
should  not  be  subject  to  vibration.)  Furthermore,  the  transducer  should 
be  pressurized  and  evacuated  through  the  full  load  range  at  least  10 
times.  In  case  of  excessive  zero  shifts,  excessive  hysteresis,  or 
drifting,  new  gages  should  be  applied  and  the  procedure  repeated.  The 
bridges  are  temperature  compensated  for  less  than  0.22-mv  drift  for  a 
70°F  temperature  change.  The  slight  amount  of  hysteresis  observed  is 
credited  to  the  strain  gages  and  not  the  bellows.  This  is  probably 
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correct  because  temperature  changes  affect  Young’s  modulus,  ehich 
changes  the  gage  factor. 

The  calibration  requires  at  least  10  steps  over  the  pressure 
and  vacuum  range,  with  the  vacuum  and  pressure  applied  either  to  the 
bellows  or  the  housing.  In  all  calibrations,  pressure  application  to 
either  bellows  or  housing  should  show  identical  results. 

With  the  procedures  outlined  above,  accuracies  of  0.1^  can 
be  obtained  from  20  to  10(H(  of  the  load  range  with  the  1-atm  model, 
and  0. 25f  with  the  1/4-atm  model.  Hysteresis,  zero  return,  and  drift 
should  stay  within  the  accuracy  limits. 

Since  the  operating  stress  in  the  flexure  is  only  about 
7000  psi,  flexures  are  made  of  normalized  steel.  (Values  to  12,000  psi 
have  been  used,  but  the  accuracy  suffers.)  The  flexure  (Fig,  2-23)  is 
by  far  the  most  expensive  part  to  manufacture  and  represents  approxi¬ 
mately  SJf  of  the  total  transducer  cost.  Investigations  are  being  made 
to  explore  the  possibility  of  casting  the  flexure  and  machine  finishing 
only  the  gaging  surfaces  and  further  reducing  the  size  of  the  instru¬ 
ment.  The  transducer  characteristics  are  summarized  below. 


Pressure  range 

(Existing  models) 

Excitation  voltage 

Bridge  resistance 

Current  rat ing 

Gage  type 


1  atm,  1/4  atm 


12  V  d-c 
240  ohms 
30  ma 

SR-4  ABD  7(8  gages)  or 
AB  7-1  (4  gages) 


Insulation  resistance  20  megohms  or  better 


Output 


Approx  8  mv  for  max  pressure 


Maximum  working  stress  7000  psi 


Linear it  y 


Hysteresis 


0.1^  of  reading  down  to  20'^ 
of  full  scale 

Within  accuracy 


The  largest  contributing  factor  to  inaccuracy  is  the  flexure 
design.  The  bellows  are  quite  consistent  in  their  mechanical  prop¬ 
er!  ies. 

The  sensitivity,  K,  of  a  bonded  strain-gage  pressure  trans¬ 
ducer  may  be  computed  from  the  expression 


K  =  ^  X  10^  mv/v/psf 


(2-21a) 


I 


•  i 


where 


8  =  stress  at  the  gage  section  when  full  design  pressure  Is 
applied,  psl 

G  =  gage  factor,  dimensionless 

E  =  elastic  sodulus  of  the  flexure  saterlal,  psl 
p  =  design  pressure,  psf 

For  a  one-atmosphere  transducer,  assuming  G  =  2  and  a  design  pressure 
of  2000  psf, 


K  =  (10, 000)  (2)  (.10^).  =  0.00033  mv/v/psf  (2-21b) 

(3)  (10^)  (2000) 

Since  heat  dissipation  In  the  gage  limits  the  usable  gage  current  to 
about  25  ma  or  50  ma  for  a  four-arm  bridge,  the  maximum  output  signal 
is  obtained  when  a  voltage  equal  to  1/20  (bridge  resistance)  Is  applied 
to  the  transducer.  Thus  12  v  may  be  applied  to  the  transducer,  causing 
a  full-scale  output  of  (0.00033)  (12)  (2000)  =  8  mv. 

2. 3. 3. 2  OSU  Pressure  Transducer 


The  pressure-measurement  range  at  the  Ohio  State  University 
hypersonic  tunnel  is  500  to  5000  microns.  Liquid  manometers  are  pre¬ 
ferred  here  instead  of  bellows-type  transducers.  A  glass  U-tube  with 
mercury  as  the  fluid  is  used.  The  core  of  a  Schaevitz  transformer  is 
floated  on  small  wooden  pegs  on  top  of  the  mercury  in  both  legs  of  the 
U-tube.  The  transformers  are  hooked  up  in  series,  and  a  voltage  di¬ 
vider  is  used  to  provide  adequate  sensitivity  over  a  150-  to  5000-micron 
range  of  pressures.  The  output  is  transferred  to  a  Brown  strip-chart 
recorder  by  balancing  the  voltage  in  the  Brown  transformer  so  that  no 
voltage  exists  when  balance  is  reached.  A  vibrator  is  used  on  the  re¬ 
corder  to  eliminate  instrument  friction  effects.  A  50-micron  spread  in 
repeatability  was  initially  reported  for  tubes  of  constant  diameter, 
but  a  new  float  design  reduced  the  errors  to  less  than  +  2  microns. 

The  U-tube  roust  be  completely  Isolated  from  vibration,  and  both  legs 
of  the  manometer  roust  be  at  the  same  temperature  within  0.01°?,  or 
large  errors  result.  A  zero  is  obtained  by  exposing  both  legs  of  the 
tube  to  the  same  pressure.  Approximately  two  minutes  is  required  for 
the  system  to  reach  equilibrium  when  a  step  in  pressure  is  encountered, 
and  the  system  has  to  be  hooked  to  a  high  vacuum  source  between  runs  to 
prevent  outgassing. 


Lower  pressures  could  be  attained  by  using  lower  density  sili¬ 
cone  oil.  However,  the  range  would  be  limited  by  the  linear  range  of 
the  transformers. 


2 . 3 . 3 . 3  Hagan  Transducer 


With  this  transducer  the  pressure  is  balanced  by  the  force 
exerted  on  a  d-c  coil  by  a  permanent-magnet  field.  The  displacement 
of  trie  pressure  bellows  is  detected  by  use  of  a  differential  transformer 
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aapllfled  and  rectified  to  control  an  anplifler  which  provides  the 
proper  coil  current  to  balance  the  pressure.  The  current  passes 
through  a  sanganin  resistor  in  series  with  the  coil,  thus  giving  a 
voltage  output  proportional  to  the  pressure.  The  voltage  is  read  with 
a  digital  voltneter. 

2. 3. 3. 4  Use  of  Transducers  in  an  Arc -Heated  Blowdown  Tunnel 


The  arc-heated  blowdown  tunnel,  cossonly  referred  to  as  the 
"hot  shot"  tunnel  at  AEDC,  differs  from  conventional  tunnels  in  several 
respects.  The  run  times  are  extremely  short  and  the  supply  air  is 
energized  by  arc  heating.  Air  is  initially  charged  into  the  pressure 
reservoir  at  moderate  pressures  and  room  temperature  and  is  isolated 
from  the  nozzle  by  a  frangible  diaphragm  of  thin  plastic  across  the 
throat.  The  electrical  energy  is  stored  in  a  large  bank  of  electrical 
condensers.  This  energy  is  discharged  across  the  arc  chamber  or  reser¬ 
voir.  Pressures  in  the  order  of  20,000  psi  have  been  measured,  once 
the  energy  was  transmitted  to  the  air.  From  these  pressures,  tempera¬ 
tures  up  to  8000“K  have  been  estimated.  The  sudden  pressure  ruptures 
the  diaphragm  and  the  expansion  proceeds  down  the  nozzle.  The  total 
run  time  of  the  hypersonic  flow  varies  from  20  to  40  msec,  which  repre¬ 
sents  an  order  of  magnitude  longer  than  the  available  testing  time  in 
a  shock  tube.  The  heat-transfer  rates  at  the  nozzle  are  about  three 
orders  of  magnitude  greater  than  any  calculated  rates  of  heat  transfer 
for  bodies  re-entering  the  earth's  atmosphere.  With  this  heat-transfer 
rate  the  nozzle  throat  begins  to  melt  in  1  msec  or  less. 


Many  kinds  of  instrumentation,  including  conventional  shock- 
tube  instrumentation,  proved  unsuccessful  for  such  operation.  The 
longer  run  time  appeared  to  be  responsible  for  failure  of  some  of  the 
shock-tube  eoulpment.  The  failure  of  the  electrical  transducers  was 

attributed  primarily  to  the  arc  driving  source.  Instrumentation  that  •  W 

did  work  was  for  the  most  part  the  kind  used  in  short -durat ion  conven¬ 
tional  tunnels.  Stagnation  static  pressure  was  successfully  measured 
by  Fotocon  FM-type  transducers  designed  for  blast.  A  Consolidated  En¬ 
gineering  Company  1-127,  20-kc  carrier  amplifier  system  worked.  Ultra- 
Dyne  pressure  transducers  were  used  inside  the  model. 

2.3.4  Free-Molecule  Probe  ® 


The  free-molecule  probe  is  an  instrument  unique  to  the  low- 
density  field  which  ii^s  been  developed  at  the  University  of  California 
(Ref.  71)  to  study  the  nature  of  the  shock  wave  and  boundary-layer  re¬ 
gions  near  the  leading  edge  of  a  thin  flat  plate  in  two-dimensional  low- 

density  flow.  The  basic  feature  is  that  the  temperature  recovery  factor  • 

and  the  heat  transfer  coefficient  for  a  cylinder  in  free-molecule  flov, 
both  of  which  are  sensitive  functions  of  the  local  Mach  number,  can  be 
predicted  accurately.  Measurement  of  a  wire  temperature,  which  is  a 
function  of  the  local  velocity  and  temperature,  has  enabled  a  qualita¬ 
tive  picture  of  a  flow  field  to  be  obtained  at  Reynolds  numbers  less 
than  1“  in  the  Mach  2  to  4  range  (Ret.  79).  To  obtain  reliable  mea¬ 
surements.  it  is  necessary  to  select  a  wire  diameter,  d^.  that  is  small  • 

when  compared  to  the  mean  free  path,  of  the  molecule  I'i.e..  t!;e 
Knudsen  number  of  the  wire  should  be  greater  than  5.  K  -  '  'a.  '  j) . 

A  tungsten  wire  probe  of  0,00025-in.  diameter  with  a  curreil  of  0.2b  ma 
was  used  successfully  to  determine  the  resistance  across  a  ceotrai 
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1/2  In.  part  of  the  wire  and  hence  the  temperature  of  the  wire  by  mea¬ 
suring  the  voltage  through  a  pair  of  potential  leads  of  the  same  ma¬ 
terial  (Fig.  2-24).  The  current  was  sufficiently  small  to  have  a  neg¬ 
ligible  heating  effect  on  the  wire.  The  wire  temperature  can  be  found 
by  measuring  the  resistance  of  the  measuring  element  and  by  using  the 
manufacturer's  value  for  the  temperature  coefficient  of  resistance. 

The  potential  across  the  measuring  element  can  be  read  to  within 
0.005  mv,  corresponding  approximately  to  an  error  of  0.06'?^  in  the  re¬ 
sistance  measurement,  and  hence  also  in  the  temperature  of  the  wire. 

If  the  fixed  current  through  the  wire  is  held  to  an  accuracy  of  0. 1>, 
the  estimated  error  in  wire  temperature  will  be  approximately  0.13'^. 

2.3.5  Mass-Flow  Probe 

The  relationship  between  velocity  and  temperature  in  real 
fluids  is  a  matter  of  fundamental  importance  in  high-speed  aerodyna¬ 
mics;  consequently,  several  instruments  have  been  proposed  to  assist 
in  measurement  of  this  relationship.  Conspicuous  among  these  instru¬ 
ments  is  the  stagnation  temperature  probe,  which  has  been  used  with  ^ 

various  degrees  of  success  by  Spivack,  Wegener,  Monaghan  and  Cooke, 
and  many  others.  The  most  obvious  check  on  the  accuracy  of  such  an 
instrument  is  verification  of  the  fact  that  the  total  energy  in  the 
flow  must  remain  constant  for  steady  flow  without  heat  transfer  to  the 
wall. 


I  pu  (t;  -  T^)  dy  =  0  (2-22) 

where 


T^  =  free-stream  or  reservoir  stagnation  temperature 
T^  =  local  stagnation  temperature  in  the  boundary  layer 
=  boundary- layer  thickness 
u  =  velocity 
p  =  density 

In  considering  obvious  difficulties  in  the  determination  of 
local  specific  energy  in  high-speed  airflows,  it  appeared  (Ref.  43) 
that  measurement  of  mass-flow  rate  serves  the  same  purpose  as  me?^ 
ment  of  local  stagnation  temperature.  Consider  that  the  impact  ana 
static  pressure  together  determine  the  local  Mach  number  and  therefore 
the  local  dynamic  pressure, 


=  yp„  ^ 


(2-23) 


independently  of  the  relationship  between  velocity  and  temperature. 
If  the  local  mass  flow  rate, 


_  dm/dt 

pu  - 


(2-24) 
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could  be  deterslned  for  s  stream  tube  of  area  A,  the  velocity  and  den¬ 
sity,  and  hence  the  static  and  stagnation  temperatures,  could  be  cal¬ 
culated  immediately. 

If  the  flow  is  supersonic,  one  may  visualize  a  sharp-edged 
hollow  probe  with  a  sufficiently  low  internal  pressure  so  that  an  at¬ 
tached  shock  system  exists  at  the  entrance.  The  nose  area,  A,  then 
defines  the  stream  tube  being  studied,  and  the  mass-flow  rate  may  be 
measured  at  leisure  further  downstream.  Closing  off  the  Internal  pas¬ 
sage  converts  the  instrument  to  a  conventional  impact  probe  and  thus 
allows  the  necessary  measurements  to  be  carried  out  at  precisely  the 
same  point  in  the  flow. 


The  development  of  a  mass-flow  impact  probe  was  undertaken 
at  JPL  (Ref,  43).  In  the  final  analysis  the  performance  of  the  instru¬ 
ment  in  a  boundary  layer  was  found  to  be  unsatisfactory.  Nevertheless, 
there  is  sufficient  promise  for  the  technique,  and  the  experience 
(Refs.  43  and  80)  has  been  made  available  to  others  working  in  the 
field. 


2.3.6  System  Response-Time  Lags 


Calculated  and  experimental  data  (Rel.  fii)  are  in  reasonable 
agreement  In  showing  that  response  time  in  a  pressure-measuring  system 
incorporating  capillaries  is  a  function  of  the  orifice  pressure,  the 
initial  pressure  differential,  and  the  system  volune.  It  is  directly 
proportional  to  capillary  length  and  to  the  vlscos.ty  of  the  gas  in  the 
capillary,  and  is  inversely  proportional  to  the  fourth  power  of  the 
capillary  inside  diameter.  The  response  time  increases  as  the  orifice 
pressure  decreases.  An  orifice  in  a  capillary  system  has  little  effect 
on  response  time  when  its  diameter  is  greater  than  about  0.25  of  the 
Internal  diameter  of  the  capillary  to  which  it  is  attached. 

The  response  time,  t,  for  a  pressure-measuring  device  to 
reach  a  pressure,  p,  for  an  initial  pressure,  p  at  t  =  0,  and  an  ori¬ 
fice  pressure,  pj,  is  ° 


t 


128 


Jtd 


(Po  -  Pi)  (P  +  Pi) 

(p  -  Pi)  (Po  +  Pi)  ^  (Pq  -  Pi) 


In 


<Po  ^  Pj) 

(P  +  Pj) 


+ 


In 


jpp  -  Pi^ 

(p  -  Pi) 


(2-25) 


where 

V.  =  entire  air  volume  of  system  from  orifice  to  and  including 

^  3 

measuring  device  at  p  =  Pj  (i.e.,  t  =  «),  ft- 

V,  =  volume  displaced  by  motion  of  manometer  fluid  or  by  de- 

3 

flection  of  capsule  walls,  ft 
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d  =  co—on  diaaeter  for  a  set  of  coonected  capillaries 
(see  below)  . 

I  ^  length  of  capillary  of  dlaaeter  d  which  is  equivalent  in 
”  flow  resistance  to  total  resistance  of  all  series-connected 
capillaries  in  the  systes  (see  below),  ft 

2 

|i  =  coefficient  of  viscosity  of  air  in  systes,  Ib-sec/ft 


A  value  of  i.,  based  on  a  coason  diaseter,  d,  for  a  set  of  connected 

capillaries  in  a  series-connected  systes  (designated  by  subscripts  1, 
2,  3  . . . ,  n) ,  is  deterslned  by  finding  the  equivalent  lengths  of  each 
and  adding  the  resulting  lengths  to  that  of  the  capillary  of  dias¬ 
eter  d.  If  d|  is  chosen  arbitrarily  as  the  basic  diaseter. 


d  =  dj 


A*  A* 

<*2  H 


+  t 


(2-26) 


2. 3. 6.1  Optisus  Capillary  Sise 
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Obviously  the  greatest  gain  in  reducing  the  tine  lag  of  a 
pressure-seasurlng  systes  is  achieved  by  increasing  the  bore  of  the 
ssaller  capillaries,  consistent  with  space,  structural  lisitatlons, 
and  an  orifice  size  ssall  enough  to  slnisize  disturbances  in  the  flow 
in  the  neighborhood  of  the  orifice,  or  by  replacing  as  large  a  portion 
of  the  ssaller  capillaries  as  possible  with  larger  tubing. 


Systes  voluse,  which  has  a  direct  relation  to  response  time, 
is  influenced  by  the  capillary  voluses,  and  for  the  larger  capillaries 
an  optisus  exists  between  the  large  bore  with  its  large  voluse  and  the 
ssall  bore  with  its  greater  flow  resistance,  for  a  systes  incorporat¬ 
ing  only  two  sizes  of  capillaries,  the  probles  of  deterslning  the  opti¬ 
sus  is  relatively  sisple,  but  such  a  systes  is  rarely  found  in  practice. 
In  the  case  of  a  wind-tunnel  sodel  installation,  a  systes  can  usually 
be  divided  into  two  groups  of  capillaries:  those  in  the  sodel  and  sup¬ 
port  systes,  the  sizes  of  which  are  deterslned  principally  by  space 
lisitatlons  and  are  usually  the  greatest  source  of  tine  lag,  and  those 
which  connect  then  to  the  pressure-seasurlng  device  and  on  which  no 
space  lisitatlons  are  isposed.  By  resolving  the  forser  group  into  an 
equivalent  length,  i^,  of  a  single  capillary  of  diaseter  d,  the  systes 

becoses  a  two-capillary  one. 

Then  the  equivalent  length  is 


and 


= 


(2-27) 


where  the  subscript  x  refers  to  the  capillary  whose  optisus  diaseter 


is  sought.  If  the  voluse  Tl  is  known  and  the  two  displacesent  ten 
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in  Iq.  2-25  ar*  Mglected,  theo  la  the  practical  caae,  where 


Is  negligible  coapared  to 


the  optlaua  dlaaeter  Is 


d 


z 


y-nr- 


(2-28) 


which  shows  that  for  practical  purposes  the  optlaua  dlaaeter  of  the 
capillary  is  Independent  of  length. 


2. 3. 6. 2  Llaitations 


fl 


t 


In  spite  of  the  exact  nature  of  the  equations,  the  response 
tines  obtained  are  accurate  only  to  an  order  of  nagnltude  In  nany  in¬ 
stances  because  the  exact  geoaetry  of  the  systea  and  the  initial  and 
final  pressures  inposed  nay  be  difficult  to  ascertain.  Sone  of  the 
probable  causes  for  discrepancy  are: 

1.  Inaccuracies  In  neasureaent  and  constancy  of  capillary 
dlaaeter 

2.  Unknown  systea  volune 

3.  Unknown  capillary  length  (particularly,  the  saallest) 

4.  Elasticity  of  flexible  tubing 

5.  Porosity  of  capillaries  (particularly,  flexible  tubing) 

6.  Effect  of  distrxouted  voluae 

7.  Effect  of  orifices  and  capillary  Junctions 

8.  Kinks  or  bends  which  reduce  considerably  the  cross-sectional 
area  of  the  capillary. 
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2. 3. 6. 3  Criteria  for  Miniaua  Response  Tine  (Ref.  82)  8 

The  criteria  for  aininua  response  tine  are: 

1.  Orifice  dlaaeter  should  not  be  less  than  one-half  the  aodel- 
tubing  dlaaeter,  with  slight  advantage  to  be  gained  as  the 
orifice  dlaaeter  approaches  the  tubing  dlaaeter. 
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2.  Model  tubing  should  be  as  short  as  possible,  incorporating 
the  largest  feasible  inside  diameter. 

3.  Connecting  tubing  should  be  short,  sith  the  inside  diameter 
between  1.25  and  1.50  tines  the  inner  diameter  of  the  model 
tubing. 

4.  Volume  of  the  sensing-unit  reservoir  should  be  minimized. 

5.  Pumping  the  initial  reservoir  and  line  pressure  to  a  value 
close  to  the  model-surface  pressure  offers  scant  advantage 
unless  the  initial  pressure  approaches  the  equilibrium  pres¬ 
sure  to  within  1  mm  Hg. 


2. 3. 6. 4  Criteria  for  Slip  Flow  and  Free-Mo lecu le  Flow  (Ref.  82) 

Equation  2-25  is  based  on  the  assumption  that  the  coefficient 
of  viscosity,  p,  is  a  constant  (i.e.,  proportional  to  the  temperature 
which  is  constant  in  an  isothermal  process)  and  that  the  condition  of 
no-slip  at  the  tube  wall  is  valid.  The  assumption  of  constant  |i  at 
moderate  and  high  pressures  is  predicted  by  kinetic  theory.  However, 
the  failure  of  Eq.  2-25  is  explained  by  the  failure  of  the  no-slip  con¬ 
dition  rather  than  on  the  basis  of  variable  viscosity. 


Under  very  low  pressure  conditions  the  no-slip  at  the  wall 
condition  is  violated,  since  p  becomes  a  function  of  the  pressure.  If 
slip-flow  conditions  exist  in  the  capillary  system  (i.e.,  the  mean-free 
path  of  the  molecules  is  of  the  same  order  as  the  capillary  inner  diam¬ 
eter),  the  time  response  obtained  from  Eq.  2-25  may  be  divided  by  a 
correction  factor,  F,  shown  in  Fig.  2-25  as  a  function  of  H,  where 


f 


H  = 


2n 


=  =  8.20 


Po  Pi 

p^  =  mean  pressure,  - 2 -  »  microns  of  Hg 


d  =  tube  diameter  in  centimeters 
p  =  gas  density  at  one  micron  Hg,  mass 


p  =  gas  viscosity  at  atmospheric  pressure 
and  1  micron  =  0.001  mm  Hg 
Hence,  for  air,  — ^  =  4.10 

ypl 


Rigorously,  this  correction  is  true  only  if  p^  and  p^  are  both  in  the 

range  where  slip  flow  occurs.  If  not,  a  numerical  integration  over 
the  pressure  range  will  be  required  for  an  accurate  estimate  of  re¬ 
sponse  time. 
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At  eztreaely  low  preasures  the  Internal  friction  of  the 
fluid  becoaen  rery  bmII  because  the  sean-free  path  of  the  nolecules 
becoaes  large  coapared  to  the  tubing  Inner  dlaaeter  ( free-aolecule 
floe),  and  the  collisions  between  aolecules  are  Infrequent  and  say  be 
neglected.  This  assuaptlon  Is  valid  if  the  sean  pressure  In  slcrons 

(10~^  aa  Hg  abs)  is  less  than  the  reciprocal  of  the  tubing  dlaaeter  In 
Inches. 


(2-29) 


For  the  noraal  case  of  supersonic  wind-tunnel  testing,  where  the  aean 
pressure  alg^t  be  as  low  as  5000  aicrons  and  the  tubing  inside  dlaaeter 
aay  be  as  saall  as  0.020  In.,  It  Is  readily  seen  that  free-aolecule 
flow  is  not  approached: 

p^  =  5000  » I  50 

More  recent  work  on  this  subject  Is  presented  in  Ref.  83. 

2. 3. 6. 5  Working  Charts 

Working  charts  (Figs.  2-26  to  2-30)  have  been  prepared 
(Ref.  84)  to  allow  quick  calculation  of  the  necessary  delay  times  for 
a  given  pressure-aeasurlng  system  incorporating  capillaries  so  that 
the  Indicated  pressure  will  not  be  in  error  from  the  true  pressure  by 
sore  than  a  given  per  cent.  Effects  of  various  parameters  on  time  lag 
are  also  presented.  These  charts  are  based  on  the  work  of  Ref.  85. 
which  Is  in  more  general  agreement  with  experimental  time  lags  than 
Ref.  81. 

The  step  pressure  history  and  some  of  the  associated  nomen¬ 
clature  used  in  the  charts  and  in  the  equations  which  follow  are  pre¬ 
sented  below. 


Source:  Ref.  84 


\Plt) 


RELATIVE  ERROR, 

1  RELATIVE  STEP  C  *  Pi-Pf 
j  CHANGE  ®  p, 


The  solid  line  shows  the  orifice  pressure  history,  while  the  dashed 
line  shows  the  pressure  at  the  Instrument  end  of  the  pressure  tubing. 
This  instrument  aay  be  a  manometer  or  a  pressure  transducer.  The  error 
at  any  time  is  expressed  as  a  fraction  of  the  final  or  true  pressure. 

Illustrated  in  the  following  sketch  are  the  significant  com¬ 
ponents  of  the  pressure  tubing  or  capillary  system  and  the  indicating 
instrument. 
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A  tvo-eleaent  capillary  ayatea  la  conaldered  vbicta  reducea  to  a  aingle 
eleaent  ayatea  when  Tj  =  0  or  £2  ^  ^  aanoaeter  la  ahoan  aa  a  general 

preaaure- Indicating  Inatruaent  having  an  air  voluae,  at  t  =  «  and  a 
voluae,  at  t  =  0.  Dynaalca  of  the  aanoaeter  fluid  are  hot  con¬ 

aldered  In  thia  problea.  A  preaaure  tranaducer  la  a  apeclal  caae  of 
the  general  Indicating  inatruaent  where  =  0,  l.e.,  the  total  inatru- 

aent  voluae  la  conatant  and  equal  to  T^.  Uaually  the  Internal  voluae 

of  a  tranaducer  la  conaiderably  leaa  than  a  aanoaeter,  and  the  lag  ef- 
fecta  decreaae  with  decreaalng  voluae. 
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The  general  caae  of  a  atep  preaaure  change  haa  been  aolved  In 
Ref.  69  which  preaenta  ezperlaental  verification  of  the  theory  and  ahowa 
agreeaent  of  lag  tlaea  within  10  to  20^.  The  reaulting  aolution  for  a 
atep  preaaure  change  of  the  tine,  t.  In  aeconda  required  for  the  In¬ 
atruaent  preaaure,  p^,  to  come  within  (lOOe)^  of  p^  (pal)  la 


0.111  |i(l,/d-)* 
t  =  - 5-^-^—  (F,  +  F^) 


where 


F_  = 


1  +  lU  2  1, 

"(e  +  2)/(A  +  2)“| 

*  1 

*  eyr 

,  =  2^d 

^d 


r  «+3  A-i 


'  (dj/dj)* 


(2-30) 

(9-31) 

(2-32) 

(2-33) 


and 
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|i  >  Tlscoalty  of  air,  S.t  x  lO**^  alngs/ft-soe  at  80*r  # 

(For  aMltlooal  SFobols  soo  Fravloos  akotchao) 


Flguraa  2-26  to  2-30  aaj  be  need  for  coi^iitlBC  tha  lag  tiaaa 
of  aay  giraa  final  error.  Som  typical  easaa  are  tabulated  ia  Table  2-2 
to  illustrate  various  effects  of  tbe  systau  variables.  The  lag  tine 
increases  approsinately  linearly  with  tube  length,  approsisately  in¬ 
versely  vith  the  fooirth  poeer  of  the  tubing  diaseter,  and  approaiaately 
inversely  vith  the  final  pressure.  These  effects  are  nodified  sli^tly 
by  the  presence  of  an  instmuent  volune  and  a  second  tube.  Cases  4  and 
5  shoe  that  for  a  given  total  length  of  tubing  to  tbe  instmuent  and  a 
given  Tube  1,  there  exists  an  i^ttinus  dianeter  for  Tube  2.  Instmuent 
volune  increases  the  lag  tine  uore  sarkedly  when  it  is  the  pradoniaaat 
volune.  Increasing  the  allooable  error  decreases  the  lag  tine  slightly. 
It  can  be  seen  that  for'  an  iatemittent  vind-tunnol  ran  tine  of  tbe 
order  of  30  to  40  see,  the  response  tines  of  presBurw- neasuring  systens 
can  becone  a  serious  probles.  Operating  efficiency  can  be  increased  by 
optinixing  the  tubing  sizes,  alloviag  the  ran  to  be  as  short  as  pos¬ 
sible,  repunping  the  storage  tanks  faster,  and  reducing  the  interval 
between  runs. 


2.4  Mach  Munber  Petemination 


Several  pressure  neasuring  instranents  have  been  used  vith 
varying  degrees  of  success  to  detemine  fme-strean  Mach  nunber  in  a 
supersonic  airstrean.  A  brief  discussion  of  each  follows. 

2.4.1  Mach  Munber  Obtained  fron  Free-Streas  Static  Pressure 
Measurenents 


Free-streas  static  pressure  as  detemined  fron  vail  orifices 
or  orifices  in  a  tube  axially  located  on  the  nozzle  centerline  used  in 
conjunction  vith  the  stilling  chanber  pressure  (assuned  to  be  tbe  stag¬ 
nation  pressure)  is  tbe  sisplest  netbod  of  obtaining  tbe  Mach  nunber 
variation  al<nig  the  nozzle.  Bovever,  this  technique  results  in  a 
rather  crude  calibration  because  the  flow  conditions  at  tbe  vail,  for 
exanple,  are  a  relatively  poor  indication  of  those  in  the  region  of  tbe 
test  section  where  the  sodel  is  usually  nounted.  Sone  efforts  have  been 
nade  to  utilize  a  static  pressure  probe  (see  Subsec.  2.1.3).  However, 
sore  consistent  results  are  obtainable  fron  the  stagnation  pressure  probe 
and  the  cone-face  static  pressure  nethods. 
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2.4.1 


Mach  lIuMbT  Obtalnad  frow  Stagiutt  lon-Prasaure  Mwaureaents 


StacnatloB  presaur*  bahiad  a  aoraal  ahock  has  baaa  uaed  quite 
auccassfully  in  conjunctloa  with  atllllag  chaabar  praaaura  to  detaralaa 
#  local  llaeb  auabar.  Oaa  of  tbe  aala  attrlbutea  of  tbia  tachalqua  la  the 

ralative  laaaaaitlTlty  of  the  pitot  probe  to  local  floe  ioclinatioaa. 

A  rather  large  auaber  of  atagaat ioa-preaaure  probea  which  will  allow 
aurweya  of  fairly  large  areaa  of  the  teat  aection  aiaultaoeoualy  can 
be  aouated  oa  a  plaaar  or  crucifora  rake  aa  abown  la  Fig.  1-31. 


^  1.4.3  Mach  Muaher  Peteraiaed  by  Meaaa  of  Coaical  Probes 

Coaalateat  valuea  of  free-atreaa  Mach  auaber  are  obtaiaed 
whea  the  static  preaeure  oa  the  face  of  a  cone  is  used  in  coajuaction 
with  conical  flow  theory  and  stilling  chaaber  pressure.  Pressure  aea- 
sureaents  at  four  circuaferentlal  locations  spaced  90  deg  apart  on 
each  of  sereral  probes  aounted  in  a  crucifora  rake  as  shown  in  Fig.  2-32 
a  provide  a  rapid  aeans  of  surveying  the  aodel  test  area  in  tbe  test  sec¬ 

tion.  This  technique  has  an  added  advantage  in  that  flow  inclination 
in  tbe  vertical  and  horizontal  planes  can  be  deterained  concurrently 
with  tbe  Mach  nuaber  dlstrlbutloa,  if  the  pressures  at  each  of  the  four 
orifices  on  each  cone  probe  are  aeasured  and  recorded  individually. 

The  probes  oust  be  sufficiently  far  apart  so  that  the  shock  wave  froa 
the  tip  of  each  probe  does  not  affect  the  static  pressure  neasureaents 
^  on  the  adjacent  probes.  Since  the  pressure  rise  froa  an  incident  shock 

*  on  the  probe  can  propagate  forward  through  the  boundary  layer,  thus  af¬ 

fecting  the  static  pressure  aeasureaent  on  the  cone  face,  it  is  good 
practice  to  assure  that  tbe  nose  shock  froa  the  adjacent  probe  does  not 
strike  the  cylindrical  barrel  of  the  probe  closer  than  two  probe  diam¬ 
eters  froa  the  cone  shoulder. 

%  2.4.3. 1  Sensitivity  of  Conical  Probes 


A  aeasure  of  the  sensitivity  of  a  cone  probe  at  a  given  Mach 
nuaber  is  the  ratio  of  the  difference  between  the  top  and  bottom  static 
pressures  to  the  free-streaa  total  pressure  per  degree  of  angle  of  at¬ 
tack.  This  ratio  has  been  obtained  by  tbe  method  of  Ref.  86  and  is 
presented  graphically  in  Fig.  2-33  for  a  series  of  cone  half-angles  of 
*  10  to  30  deg.  It  is  apparent  that  cones  of  larger  half-angles  should 

be  used  at  high  Mach  numbers.  The  ratio  of  aean  static  pressure  from 
the  four  orifices  on  the  cone-face  to  free-stream  stagnation  pressure 
is  also  shown  in  Fig.  2-34.  Reference  87  gives  an  experimental  evalua¬ 
tion  of  a  20-deg  half-angle  cone. 

g  In  order  to  obtain  consistent  results  with  conical  probes, 

considerable  care  should  be  taken  in  their  manufacture.  Reference  88 
Indicates  that  tbe  cone  angle  should  be  held  to  within  +2  min  of  tbe 
design-value  half-angle.  Consequently,  the  conical  tips  must  be  pre¬ 
cision  ground,  and  care  should  be  taken  with  tbe  proper  alignment  of 
the  conical  tip  and  tbe  cylindrical  afterbody.  It  was  also  indicated 
(Ref.  88)  that  the  spacing  of  the  four  taps  on  the  surface  of  the  coni- 
g  cal  tip  should  be  held  to  the  saae  tolerance  of  +2  min  and  that  tbe 

taps  should  be  drilled  perpendicular  to  the  conical  surface  with  great 
precision  to  yield  a  probe  free  from  the  effects  of  assymetry.  Exam¬ 
ination  of  tbe  orifice  under  a  microscope  should  disclose  no  burrs  or 
other  defects.  Since  the  sharp  tip  of  the  cone  is  quite  fragile  (run¬ 
ning  a  finger  lightly  over  tbe  tip  can  destroy  the  sharp  point),  it  is 
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advisable  to  provide  a  luclte  shroud,  sufficiently  relieved  that  it 
cannot  touch  the  tip,  for  protection  shen  the  probe  is  not  actually  in 
use  in  the  wind  tunnel.  £acb  probe  should  be  calibrated  in  the  wind 
tunnel  by  placing  its  tip  at  the  center  of  rotation  of  the  angle^of- 
attack  actuator  and  taking  readings  through  an  angle>of-attack  range 
and  also  with  the  probe  rotated  90  deg,  180  deg,  and  270  deg  at  sero 
angle  of  attack  to  check  for  asyssetry. 


Machine  Cosputation  of  Mach  Munber  fron  Cone  Pressures 


Relations  beteeen  cone-surface  pressure  and  free-strean  con¬ 
ditions  have  been  calculated  fron  Taylor-Maccoll  theory  and  tabulated 
in  Ref.  86  for  a  large  nunber  of  half-cone  angles. 

It  is  apparent  that  such  tine  nust  be  devoted  to  reference 
tables  during  a  routine  calibration  of  a  supersonic  wind  tunnel.  Even 
with  the  aid  of  digital  cosputlng  equipsent,  such  tine  is  required  to 
natch  1  he  pressure  ratios  with  saster  decks  to  obtain  the  related  Mach 
nunber.  The  use  of  approzlsatlon  equations  allows  the  unknown  to  be 
found  quickly  in  an  IBM  650  or  other  sinilar  calculator.  Ninth-degree 
equations  for  deterslnlng  Mach  nunber  fron  10-  and  15-deg  half-angle 
conical  probes  have  been  developed  by  Blanchard  and  Eennedy  at  OAL, 
and  these  equations  are  available  as  Master  Decks  343  and  344.  The  ap- 
prozlnations  were  derived  using  the  Gran-Tschebysbef f  netbod,  and  enough 
equations  are  presented  to  obtain  a  Mach  nunber  when  either  of  the  fol¬ 
lowing  pressure  ratios  is  known: 

1.  Cone-surface  static  pressure  to  free-strean  total  pressure 
(P^Pt) 

2.  Cone-surface  static  pressure  to  total  pressure  behind  the 
nornal  shock  (p^/pp. 

Reference  86  was  used  to  deternlne  the  pressure  ratios  for 
given  Mach  nunbers.  These  were  checked  by  two  independent  netbods  and 
plotted  for  each  of  the  two  conical  probes.  Equations  to  approzinate 
p^p^  fron  given  Mach  nunbers  were  developed  fron  values  read  fron 

these  plots.  The  equations  were  developed  to  Include  Mach  nunber 
values  fron  1.200  to  3.000  in  0.001  intervals.  Fron  the  values  ob¬ 
tained  by  these  equations,  sinilar  plots  and  equations  were  developed 
to  approzinate  Mach  numbers  when  either  p./p,.  or  p  /p’  is  known. 

S'  V  8'  i 


Paraneters  for  Approzlnatlon  Equations  2-34  to  2-39 


(deg) 

(*) 

f(*) 

Mazimun  Error 

Equation  No. 

10 

M 

Ps/Pt 

0.  0002 

2-34 

15 

M 

Ps/Pf 

0. 0006 

2-35 

10 

Ps/Pt 

M 

0.002 

2-36 

• 

15 

Ps/Pt 

H 

0. 003 

2-37 

10 

Ps/Pt 

M 

0.005 

2-38 

15 

Ps/Pt 

M 

0.002 

2-39 

i 
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ThMi*  MTAMters  ar«  applied  to  tbe  appr.talaatloa  aquations 
(Kqi.  t-S4  to  I-S9)  vhaa  p^  Is  tha  ataraga  of  tba  eona-surfaca  static 

prassuras  saasnrad  at  tha  four  circunfarant tally  spaced  static  pres¬ 
sure  orifieas  on  the  surface  of  tha  probe  and  $  is  one-half  tba  in¬ 
cluded  angle  of  tha  cone. 

ganga  1.200  <  H  <  3.000;  0^  *  10  dag 

p^Pt  »  0.47470  -  1.03755  a  +  0.90380  a*  -  1.83739  a* 

+  8.90837  a^  -  26.33983  a^  ^  43.66978  a* 

-  41.81075  a*'  +  31.50732  a^  -  4.60614  a^  (2-34) 

vhara 

a  =»  0.55556  M  -  0.66667 

ganga  1.200  <  M  <  3.018;  0^  >  15  deg 

P^Pt  *  0.53990  -  1.23762  a  +  2.20559  a*  -  7.17425  a* 

+  20.67758  X*  -  34.34499  a^  +  28.18875  a® 

-  5.11288  a’  -  7.10368  a®  +  3.41782  a®  (2-35) 

where 

a  »  0.55006  M  -  0.66007 

gauge  0.0428  <  0^  =  10  deg 

«  M  =  1.19987  +  0.42386  a  -  0.72659  a®  +  4.56220  a® 

-  12.71877  a^  +  19.82626  a®  -  18.05403  a® 

+  9.56761  a^  -  2.73458  a*  +  0.32670  a®  (2-36) 

(  where 

a  =  -  4.62962  (Pg/p^.)  +  2.19840 

gauge  0.0575  <  pg/p^  <  0,5399;  0^  =  15  deg 

*  M  =  1.19998  +  0.73956  a  -  0.41043  a®  +  10.33126  a® 

-  59.10989  X*  +  188.67195  a®  -  352.88729  a® 

+  387.49722  x’^  -  231.20630  a®  +  58.17087  a®  (2-37) 


( 


« 


«  • 
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«lMr« 


«  -  -  2.07197  (pyp*)  +  1.11910 

■sag*  0.1290  <  p^p;  <  0.4782;  8,  «  10  d«g 

M  «  1.19097  >  0.68005  x  -  0.13574  x*  +  2.40341  x^ 

-  4.04847  x^  +  0.81891  x^  +  10.33433  x* 

-  16.45154  x^  +  10.11700  x*  -  1.92393  x*  (2-38) 

where 

X  =  -  2.86369  (P^P;)  +  1.36942 

Range  0.1748  <  p^pj  <  0.5438:  0^  =<=  15  deg 

M  ==  1.19999  +  0.58974  x  +  0.39513  x^  +  0.50601  x^ 

-  3.19487  x^  +  16.42127  x®  -  44.28010  x* 

+  65.16608  x'^  -  48.38444  x^  +  14.48614  x^ 


where 

X  =  -  2.71003  (Pg/p;)  +  1.47371 


2. 4. 3. 3  Five-Orifice  Truncated-Cone  Probe 

The  results  of  an  Investigation  of  the  perfornance  of  a 
truncated-cone  probe  as  a  noxxle  calibration  instrusent  is  presented 
in  Ref.  89.  Tests  were  nade  over  the  Mach  nunber  range  1.25  to  2.50 

fi 

at  free-strean  Reynolds  nusbers  in  the  order  of  0. 6  X  10  /in.  The 
test  probe  (Fig.  2-35)  was  a  10-deg  half-angle  cone-frustus  incorporat¬ 
ing  four  static  pressure  orifices  spaced  equally  around  the  periphery 
of  the  conical  face  and  one  orifice  in  the  blunt  tip.  The  ratio  of  the 
diaseters  of  the  tip  and  the  base  was  0.0945.  The  static  pressure  ori¬ 
fices  were  located  17  tip  diaseters  aft  of  the  blunt  tip. 

Data  obtained  by  use  of  the  truncated-cone  probe  were  cos- 
pared  with  that  obtained  with  a  conventional  sharp-tipped  conical  probe 
of  the  sane  size  and  design.  It  was  shown  that  the  truncated-cone 
probe  was  equal  in  perfornance  to  the  conventional  probe  in  the  test 
Mach  nunber  range  and  furthernore,  that  the  flow  inclination  of  tbe 
free  strean  nay  be  deternlned  sinultaneously  wltb  its  Mach  nunber,  a 
distinct  advantage. 


The  nost  inportant  geonetrlc  paraneter  to  be  considered  in 
the  design  of  a  conventional  low-angle  truncated-cone  probe  is  tbe 
ratio  of  tbe  distance  between  the  probe  tip  and  tbe  static  orifices  to 
tbe  dianeter  of  tbe  blunt  tip.  It  was  found  that  if  this  ratio  is  less 
than  approxinately  15,  then  significant  differences  between  experlnental 
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end  theoretlcnl  cone  surface  pressures  are  in  evidence. 


In  Fig.  2-36  the  average  flow  inclination  paraneter  for  each 
probe  is  plotted  as  a  function  of  Mach  nunber  and  conpsred  with  the 
Taylor-ltaccoll  theory  (Ref.  86).  The  agreenent  between  theory  and  ex- 
perinent  is  quite  good,  with  the  exception  of  the  data  taken  at 
Mach  1.73,  which  were  influenced  by  the  presence  of  tunnel  disturbances. 
The  truncated-probe  perfornance  is  seen  to  be  equal  to  that  of  the  true 
cone  through  the  test  Mach  nunber  range. 


The  average  repeatability  within  a  run  was  largest  at 
Mach  1.25,  and  anounted  to  -*■  0.016  deg  in  flow  Inclination  and  +  0.002 
in  Mach  nunber.  Corresponding  repeatability  of  data  between  runs  was 
one  order  of  nagnitude  larger  than  the  values  quoted  above. 


A  set  of  two  15-deg  half-angle  conical  probes,  as  shown  in 
Fig.  2-37,  were  also  evaluated  at  Mach  1.50  and  2.00  to  establish  the 
accuracy  of  Mach  nunber  deternlnation  by  the  three  possible  netbods 
and  the  accuracy  of  flow  inclination  deternlnation.  A  conventional 
pitot  tube  was  provided  on  the  test  rig  to  give  an  independent  check 
on  Mach  nunber.  Mach  nunber  was  obtained  fron  the  rake  by  the  three 
possible  methods; 


1.  Ratio  of  average  static  pressure  on  the  cone  surface  (p_)  to 
total  pressure  measured  at  the  apex  of  the  cone  (p^) 


2.  Ratio  of  Pg  to  stagnation  pressure  (p^)  in  the  free  stream 


3.  Ratio  of  p^  to  p^. 


The  effects  of  inclination  of  the  probes  to  the  flow  was  also  investi¬ 
gated. 


•  4 


The  tests  indicated  that  all  three  methods  agreed  within  0.03 
in  Mach  nunber  up  to  flow  inclinations  oi  +  6  deg.  The  Mach  nunber  ob¬ 
tained  fron  the  ratio  of  pitot  pressure  to''free-strean  total  pressure 
was  essentially  constant  up  to  a  flow  inclination  of  15  deg.  It  was 
characteristic  at  both  test  Mach  numbers  that  the  first  method  resulted 
in  the  lowest  indicated  Mach  nunber,  the  second  in  an  intermediate 
value,  and  the  third  in  the  highest  value. 


The  calibration  also  indicated  that  the  use  of  the  theoretical 
slope  of  the  static  pressure  differential  fron  diametrically  opposed 
orifices  to  free-stream  stagnation  pressure  ratio  versus  angle  of  at¬ 
tack  to  obtain  flow  inclination  is  valid  over  a  range  of  +  10  deg. 


2.4.4 


Deternlnation  of  Mach  Number  by  Means  of  Wedge-Face  Static 
Pressure 


The  static  pressure  on  the  face  of  a  wedge  can  be  used  in  con¬ 
junction  with  two-dimensional  oblique  shock  theory  and  stilling  chamber 
pressure  to  determine  local  Mach  number  (Ref.  90).  A  typical  wedge  in¬ 
stallation  is  shown  in  Fig.  2-38.  The  disadvantage  of  this  technique 
is  that  the  Mach  number  determined  is  not  truly  a  local  Mach  nunber 
since  the  static  pressure  measured  at  the  orifice,  which  must  neces¬ 
sarily  be  located  a  finite  distance  aft  of  the  leading  edge,  is  affected 
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by  any  static  pressure  varlatloo  in  the  area  bounded  by  the  Mach  lines 
between  the  leading  edge  of  the  wedge  and  the  orifice.  A  preliminary 
investigation  has  been  wade  at  QAL  using  a  stagnation- pressure  probe 
nounted  Just  above  and  parallel  to  the  wedge  face  and  located  so  that 

its  region  of  influence  is  well  away  fros  the  static  taps.  The  advan-  • 

tage  of  this  sethod  is  that  "local"  Mach  nusber  say  be  detersined  in¬ 
dependently  of  stilling  chasber  pressure.  However,  only  a  United 
anount  of  data  has  been  obtained  and  no  conclusion  as  to  its  relative 
serlt  can  be  drawn. 

2.4.5  Visual  Methods  of  Oetersining  Mach  Nusber  ^ 

Although  they  are  not  as  accurate  as  the  sethods  nentloned 
above,  it  is  possible  to  establish  the  Mach  number  in  a  supersonic 
stress  by  visual  sethods.  If  a  wedge  of  seal-angle  6  is  placed  at  zero 
incidence  in  a  supersonic  alrstreaa,  the  Mach  number  can  be  detersined 
by  observing  the  inclination,  0  ,  of  the  attached  bow  wave  to  the  di- 

^  A 

rectlon  of  the  undisturbed  stress  and  by  using  the  equation,  * 


X  =  sin*  e 
vr 


-H- 


/sln  0^  sin  e\ 
\cos  (fl  -  6)  ) 


(2-40) 


A  cone  is  sometimes  used  instead  of  a  wedge.  The  relation¬ 
ship  between  M  and  the  bow-wave  angle  for  a  cone  of  given  semi-angle  9 
is  shown  in  Table  2-3  for  representative  Mach  numbers. 


In  some  ca<^3S  the  Mach  number  say  also  be  determined  by  mea¬ 
suring  the  inclination  of  very  weak  disturbances  arising  from  scratches  # 

made  in  the  surface  of  the  tunnel  wall  or  that  of  the  model  under  test. 

These  disturbances  are  assumed  to  approximate  Mach  lines,  and  the  Mach 
number  is  then  found  from 


sin  0^ 


1 

M 


(2-41) 


2.5  Nozzle  Calibration  Equipment 

A  wind  tunnel  must  be  calibrated  to  provide  the  user  with  a 
knowledge  of  local  flow  conditions,  both  Mach  number  variations  and  _ 

flow  inclination.  However,  time  spent  in  tunnel  calibration  does  not  * 

provide  usable  experimental  data  on  airplanes  or  missiles  and  is  there¬ 
fore  not  considered  productive.  For  this  reason,  any  method  which 
helps  reduce  the  time  required  to  provide  a  reasonable  flow  calibration 
should  be  of  Interest. 

2.5.1  Linear  Actuators  • 


The  simplest  and  most  obvious  method  of  speeding  up  nozzle 
calibrations  is  by  providing  a  suitable,  remotely-controlled  linear 
actuator  to  drive  the  multi-probe  rakes  mentioned  in  Subsec.  2,4. 


•  •  • 


•  • 


•  • 
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The  linear  actuator  (Ref.  91)  shown  in  Fig.  2-39  is  designed 
to  operate  various  pressure  probes  wounted  on  any  of  several  bodies  of 
revolution,  but  it  say  easily  be  adapted  to  bold  a  calibration  rake. 

The  actuator  shaft,  which  is  supported  by  the  nose,  is  attached  to  a 
lead  screw  and  is  capable  of  travelling  approximately  six  inches  in 
the  axial  direction.  The  body  of  revolution  is  mounted  on  the  forward 
bulkhead  with  quickly  removable  set  screws.  Pressure  and  electrical 
leads  are  secured  to  the  inside  of  the  actuator  to  prevent  unnecessary 
notion  during  axial  movement  of  the  shaft.  The  leads  pass  through  a 
3/8-in.  diameter  hole  at  the  base.  It  is  advisable  to  place  all  pres¬ 
sure  and  electrical  lead  connections  inside  the  actuator,  which  is  pro¬ 
vided  with  a  quick-access  inspection  door  on  the  cylindrical  barrel. 
Limit  switches  installed  on  the  front  and  middle  bulkhead  will  prevent 
any  damage  that  night  occur  through  over-travel  of  the  shaft.  A  micro- 
switch  and  a  multi-lobe  cam  are  used  in  conjunction  with  an  electronic 
counter  device  to  record  the  axial  position  of  the  shaft.  The  device 
is  powered  with  a  Globe  Moto-Mlte  miniature  24-v  d-c  motor. 


A  heavy-duty  linear  actuator  support  such  as  the  one  shown 
in  Fig.  2-40  is  suitable  for  large  planar  or  cruciform  rakes  and  has 
the  advantage  of  being  more  rigid  and  less  susceptible  to  angular 
errors  at  large  extensions  than  the  lighter  actuator.  The  main  struc¬ 
ture  of  the  actuator  supports  the  internal  mechanism  and  is  enclosed 
in  a  rotatable  case.  As  the  case  is  rotated,  inspection  holes  in  the 
case  expose  the  internal  mechanism  of  the  actuator.  A  Thompson  ball- 
bushing  is  mounted  on  the  forward  end  of  the  actuator  and  allows  the 
1.0-ln.  l.d.  main  shaft  to  move  axially.  The  aft  end  of  the  shaft  is 
mounted  in  a  bracket  which  is  moved  axially  by  means  of  two  lead  screws. 
Power  from  the  d-c  motor  in  the  aft  end  of  the  actuator  is  transmitted 
to  these  screws  through  a  series  of  gears.  As  before,  electrical  im¬ 
pulses  from  a  micro-switch,  actuated  by  a  multi-lobe  cam,  are  converted 
by  an  electronic  devlcu  to  inches  of  axial  movement.  The  maximum  axial 
movement  of  the  main  shaft  is  10  in.,  and  micro-switches  are  provided 
to  prevent  any  movement  of  the  shaft  beyond  the  prescribed  limits.  The 
design  normal  force  is  250  lb  with  the  main  shaft  fully  extended. 

A  smaller  diameter  support  with  basically  the  same  internal 
meckanlsm  is  shown  in  Fig.  2-41.  One  feature  of  particular  interest  in 
this  actuator  is  its  ogival  forebody,  which  is  required  to  prevent  the 
supp<  t  from  blocking  the  tunnel.  Considerable  experimentation  was  re¬ 
quired  to  determine  the  maximum  diameter  (needed  for  rigidity)  that 
could  be  used  without  choking  the  tunnel  at  11=1.25.  This  investigation 
proved  that  the  choking  characteristics  at  low  supersonic  speeds  are 
not  only  dependent  on  the  geometrical  cross-sectional  area  of  the  sup¬ 
port,  but  that  they  are  also  a  strong  function  of  the  support  forebody 
contour.  A  comparison  of  Figs.  2-42  and  2-43  shows  the  marked  effect 
of  substituting  a  10-caliber  ogive  for  a  15-deg  half-angle  conical  fore¬ 
body  on  cylindrical  supports  of  the  same  maximum  diameter,  3.375  in. 

The  expansion  at  the  sharp  corner  in  high  subsonic  flow  apparently 
causes  a  region  of  disturbance  which  effectively  increases  the  cross- 
sectional  area  and  prevents  the  norma  ^hock  from  swallowing. 


2.5.2  Equipment  for  Calibration  of  a  Flexible  Nozzle 


A  unique  solution  to  the  calibration  and  correction  of  the 
20-in.  supersonic  wind  tunnel  at  the  CIT  Jet  Propulsion  Laboratory  is 
reported  in  Ref.  92.  The  calibration  of  a  flexible  nozzle  presents 
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teo  probless:  1)  Deterslnstlon  of  the  quality  of  the  existing  floe 
field,  end  2)  necessary  changes  to  Isprove  It.  The  process  is  an  item 
tive  one,  each  adjustsent  giving  an  Isprovesent  on  the  preceding  dis¬ 
tribution,  within  the  lislts  of  plate  thickness  and  Jack  spacing.  The 
adjustsents  are  of  two  types:  syssetrlcal  adjustaents  to  change  the 
centerline  Mach  nuaber  or  static  pressure  distribution,  and  asyaaetri- 
cal  corrections  to  change  the  centerline  flow  inclinations.  These  cor¬ 
rections  nay  be  nade  separately,  as  one  does  not  affect  the  other. 

The  first  step  in  calibration  is  to  find  at  what  tunnel  sta¬ 
tions  in  the  region  of  the  test  rhonbus  the  first  and  second  reflections 
from  each  Jack,  downstream  of  the  throat,  occur  as  a  function  of  Mach 
number.  For  this  the  centerline  axial  total  head  probe  is  used.  The 
total  head  ratio  behind  a  normal  shock  is  an  explicit  function  of  the 
Mach  number,  which  in  turn  defines  the  static  pressure  ratio.  If  this 
Information  is  immediately  obtainable  with  the  use  of  an  automatic 
plotter  and  remote  axial  actuation  of  the  probe,  it  is  then  possible 
to  adjust  the  Jack  positions  experimentally  with  a  great  saving  in  time. 

Such  a  plotter  was  developed  at  the  Jet  Propulsion  laboratory, 
where  a  total  head  tube  rather  than  static  pressure  orifices  on  a  cali¬ 
bration  wedge  is  used  because  the  technique  speeds  the  procedure  to  the 
point  where  there  is  no  longer  a  great  advantage  in  taking  one  pair  of 
readings  and  computing  both  flow  inclination  and  static  pressure  varia¬ 
tion  from  them.  Experience  shows  that  the  static  pressure  reading  and 
total  pressure  readings  do  not  define  the  same  Mach  number  in  the  order 
of  0.02.  This  difference  is  ascribed  to  the  local  slope  of  the  boundary 
layer  at  the  static  pressure  orifice  on  the  wedge,  giving  a  different 
virtual  wedge  angle.  The  total  head  probe  does  not  require  this  addi¬ 
tional  correction;  it  provides  a  larger  change  in  absolute  value  of 
pressure  for  a  given  change  in  Mach  number. 

The  outputs  from  two  Statham  pressure  transducers,  one  measur¬ 
ing  the  other  p^,  are  fed  through  two  readouts  to  opposite  ends  of 

a  mechanical  differential  gear  whose  output  corresponds  to  p^/p^,  if  p^ 

does  not  vary  more  than  a  few  per  cent.  Stops  are  provided  to  keep 
within  the  linear  range.  The  readout  sensitivities  are  set  to  the  total 
pressure  ratio  for  the  nominal  Mach  number  so  that  any  change  in  p^ 

which  is  reflected  by  a  corresponding  change  in  p’  does  not  move  the  pen 
on  the  flat-bed  plotter. 

The  sensitivities  can  be  computed  for  both  readouts  as  a  func¬ 
tion  of  Mach  number  in  terms  of  p^  so  that  the  total  pressure  ratio  at 

the  beginning  of  a  run  can  be  read  from  two  manometers.  A  centimeter 
line  is  then  chosen  to  represent  the  nearest  0.001  in  total  pressure 
ratio,  and  the  pen  zero-shifted  to  read  correctly.  Two  points  on  each 
pass  (preferably  extremes  in  pressure  ratio)  are  read  on  nanometers  and 
the  computed  points  added  to  the  plots  as  a  scale  check. 

For  flow- inclination  measurements  a  4-deg  half-angle  wedge 
with  static  orifices  at  top  and  bottom  is  used.  The  pressure  difference 
between  top  and  bottom  orifices  for  a  given  wedge  is  directly  propor¬ 
tional  to  the  flow  inclination  for  a  given  Mach  number  and  total  pres¬ 
sure.  The  wedge  is  remotely  actuated,  and  the  pressure  difference  is 
sensed  with  a  pressure  transducer  and  calibrated  with  a  mlcromanoneter 
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teed  into  the  line.  The  wedge  is  run  both  upright  mnd  inverted  to  de- 
teruine  the  serodynsuic  zero.  The  scale  is  set  in  advance  to  be  0. 1-deg 
flow  inclination  per  centiueter.  Then,  for  each  Mach  nusber  to  be  cali¬ 
brated,  the  readout  sensitivity  is  cosputed  in  obss  as  a  constant  tiues 
the  supply  pressure  in  centiueters  of  uercury.  Since  flow  inclination 
is  not  as  sensitive  to  supply-pressure  fluctuations,  soue  variation  in 
supply  pressure  during  a  run  is  allowable.  A  calibration  resistor  al¬ 
lows  the  setting  to  be  checked  periodically  by  coaparing  the  calibration 
swing  of  the  pen  with  the  cosputed  excursion.  As  before,  the  saxiaus 
and  ainiaua  points  should  be  read  on  a  alcroaanoaeter,  and  then  coa- 
puted  and  plotted  on  the  sane  graph  to  give  a  final  check  on  the  scale 
setting. 


The  results  of  such  a  calibration  in  the  JPL  20-in.  tunnel 
gave  static  pressure  variation  of  less  than  +  1.5^  at  all  Mach  nunbers, 
and  centerline  flow  inclinations  of  0  +  0.1  deg.  Vertical  traverses 
which  were  taken  every  4  in.  froa  ceiling  to  floor  through  the  center- 
line  gave  Inclinations  in  the  order  of  +  0.2  deg. 


2.6  Measureaent  of  Internal-Flow  Characteristics 

Most  of  the  internal-flow  testing  in  the  supersonic  wind  tun¬ 
nel,  aside  from  nozzle  calibrations,  is  the  testing  of  inlet  diffusers 
for  turbojets  or  ramjets.  One  of  the  prime  necessities  for  this  pur¬ 
pose  is  a  well-designed  force  and  balance  support.  It  is  usually  de¬ 
signed  for  testing  axially  symmetric  nose  inlets,  but  can  readily  be 
adapted  for  the  testing  of  two-dimensional  inlet  sections. 

2. 6. 1  Design  and  Operat ion  of  a  Force  and  Pressure  Support 

The  force  and  pressure  support  shown  in  Fig.  2-44  was  devel¬ 
oped  to  measure  the  over-all  axial  force  of  a  diffuser  model  as  well  as 
the  pressures  needed  to  compute  the  following: 

1.  Pressure  recovery  of  the  diffuser 

2.  Capture  area  ratio  (or  mass-flow  ratio) 

3.  Velocity  distribution  at  the  rake 

4.  Static-pressure  amplitude  and  frequency  at  the  location  of 
the  rake  under  buzz  conditions 

5.  External  pressure  distribution  on  the  model,  if  pressure 
orifices  and  leads  are  provided  in  the  model. 

With  the  above  information,  it  is  possible  to  compute  the  external  force 
acting  on  the  diffuser  cowl. 


The  support  consists  of  three  concentric  shells  as  shown  in 
Fig.  2-44.  The  inner  shell  provides  the  duct  contour  and  supports  the 
rake,  the  middle  shell  is  attached  to  the  diffuser  duct  section  or  nose 
to  be  testfcv'  and  acts  on  instrumented  cantilever  beams  when  a  force  is 
applied,  and  the  outer  shell  provides  support  for  the  internal  mechanism 
and  also  acts  as  a  windshield.  The  inner  and  outer  shells  are  rigidly 
fastened  together.  The  middle  shell  is  supported  between  the  inner  and 
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outer  shells  by  sesns  of  bearings  which  allow  it  to  wove  fore  and  aft 
as  axial  loads  are  applied.  Electric  strain-gages,  wired  as  two  cow- 
plete  bridges,  are  wounted  on  two  cantilever  beass  which  restrain  the 
notion  of  the  widdle  shell.  The  strain-gage  beans  nay  be  renotely 
disengaged  fron  contact  with  the  nlddle  shell.  This  enables  the  opera¬ 
tor  to  relieve  the  strain  gages  fron  shock  loads  that  are  encountered 
during  starting  and  stopping  of  the  tunnel  and  during  violent  buzz 
conditions.  It  also  enables  the  operator  to  check  the  zero- load  read¬ 
ings  on  the  strain  gages  so  that  any  shift  in  the  output  may  be  de¬ 
tected  while  the  test  is  in  progress.  It  is  especially  important  that 
the  solenoid  be  energized  to  disengage  the  beans  under  buzz  conditions, 
since  experience  has  shown  that  the  strain  gage  itself  will  fall  due 
to  fatigue  after  a  few  hours  exposure  to  such  conditions. 


A  throttle  located  behind  the  rake  can  be  moved  axially  to 
vary  the  exit  area  and  pressure  in  the  plenum  chamber  and  thereby  simu¬ 
late  the  pressures  encountered  during  burning  in  the  ramjet  combustor. 

A  micro-switch  and  nultl-lobe  can  are  used  in  conjunction  with  a  count - 
4  V  ing  device  to  record  the  throttle  position.  Pressure  amplitude  and 

frequency  during  buzz  is  obtained  with  a  Sheffield  reluctance-type 
static  pressure  pickup  which  is  mounted  in  the  shell  near  the  total 
head  rake.  The  output  from  this  pickup  is  recorded  by  means  of  an  os¬ 
cillograph. 


The  maximum  diffuser  inlet  size  can  be  obtained  by  using 
®  Fig.  2-45.  The  ratio  of  the  exit  area  to  the  inlet  area  (A^A^),  which 

will  allow  the  normal  shock  to  swallow  at  the  design  Mach  number,  is 
plotted  as  a  function  of  Mach  number  and  pressure  recovery.  To  be  con¬ 
servative  it  is  recommended  that,  by  means  of  a  curve  such  as  this,  an 
inlet  size  should  be  chosen  corresponding  to  the  lowest  Mach  number  at 
which  tests  are  to  be  run.  A  value  of  80^  of  the  maximum  allowable 
^  exit  area  is  recommended  for  A^  in  the  calculation  to  allow  for  the  pos¬ 

sibility  that  the  pressure  recovery  will  be  lower  than  predicted  a.id  to 
allow  for  the  attainment  of  several  swallowed  shock  data  points.  A  set 
of  curves  for  converting  the  area  ratio  to  the  recommended  design  inlet 
diameter  based  on  the  above  statements  is  also  included  in  Fig.  2-45 
for  several  OAL  pressure  supports  which  will  be  mentioned  later. 

^  Figure  2-46  illustrates  the  mounting  end  of  the  model  which 

is  attached  to  the  OAL-22  support.  As  will  be  noted,  the  pressure  leads 
from  the  model  should  be  recessed  and  should  come  out  of  the  mounting 
end  of  the  model  in  the  position  shown  so  that  they  can  be  led  out 
through  the  external  channels  around  the  internal  mechanism  and  back 
into  the  support  at  the  base,  where  they  can  be  threaded  out  through 
the  tunnel  crossarm.  The  number  of  metal  pressure  leads  that  may  be 
^  brought  from  the  model  is  limited  by  the  dimensions  shown.  These  di¬ 

mensions  take  into  consideration  the  distance  between  the  windshield 
and  the  retainer  ring.  Any  binding  that  may  occur  between  the  pressure 
leads  and  the  force-measuring  support  can  of  course  influence  the  strain 
gage  readings.  Therefore,  it  is  advisable  to  keep  the  number  of  pres¬ 
sure  leads  to  a  minimum  and  also  to  have  a  minimum  number  of  bends  in 
the  leads  as  they  pass  from  the  mounting  end  of  the  model  to  the  pres- 
9  sure  lead  channel.  The  gap  between  the  mounting  end  of  the  model  and 

the  windshield  can  be  varied  to  keep  the  leakage  from  the  balance  plenum 
chamber  to  a  minimum  by  means  of  a  labyrinth  seal. 


•  • 
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A  disesseabled  rlew  of  the  OA1^22  eupport  with  a  typical  test 
configuratton  is  shoen  in  Fig.  2-47.  Two  sets  of  cantilever  beans 
equipped  with  strain  gages  are  shown  with  one  set  Installed.  One  of 
these  sets  Is  designed  for  a  200-lb  axial  force  and  the  other  for 
400  lb  (at  a  stress  under  the  bridge  of  30,000  pel).  The  strain-gaged 
beans  can  be  renoved  and  replaced  through  access  plates  while  the  bal¬ 
ance  Is  Installed  In  the  tunnel.  In  sone  cases,  when  one  of  the  bridges 
failed,  the  test  was  ccmtlnued  quite  successfully  on  the  renalnlng  link. 

2. 6. 1.1  Design  Modifications  for  a  Pressure  Support 

Two  dlffiuer  supports  of  nuch  slnpler  design  are  shown  In 
Figs.  2-48  and  2-49.  The  OAL-39  support  Is  designed  to  take  the  sane 
diffuser  nodels  as  the  OA1j-22  (Fig.  2-44)  and  can  also  be  nounted  fron 
a  crossam  at  the  rear  or  on  a  strut  extending  fron  the  floor  or  wall 
of  the  tunnel.  The  OAL-41  support  Is  capable  of  taking  larger  nodel 
inlets  than  the  QALi-39.  Renote  control  of  the  throttle  as  well  as  posi¬ 
tion  Indication  are  Incorporated  In  both  supports. 

2.6.2  Reduct  Ion  of  Diffuser  Inlet  Data 

As  nentloned  above,  the  diffuser  nodel  Is  attached  to  a  float¬ 
ing  nenber  In  the  support  which  is  restrained  fron  fore  and  aft  notion 
by  two  cantilever  beans  fitted  with  strain  gages  to  neasure  the  result¬ 
ant  force  acting  parallel  to  the  nodel  centerline.  Base  pressure  Is 
neasured  to  correct  the  axial  force  to  free-strean  base  pressure.  A 
total  pressure  rake  with  33  total  pressure  probes  located  on  equal 
areas  (see  Subsec.  2.6.4)  is  located  at  the  exit  of  the  diffuser  model 
fron  which  total  pressure  recovery  Is  obtained.  The  throttle,  for  vary¬ 
ing  back-pressure,  consists  of  an  axlsynnetrlc  nozzle  with  a  remotely 
controlled  plug  that  moves  Into  the  nozzle  to  vary  the  exit  area.  The 
exit  area  for  the  different  throttle  settings  has  been  determined  by 
calibration  tests  with  nornal  shock  inlets  where  capture  area  ratio 
was  known  to  be  100^. 

Capture  area  ratio  is  computed  from 


V^l  =  <Ptr/Pto>  <VA*), 


(2-42) 


where 


A^  «  capture  area 

P^^  =  stagnation  pressure  at  the  rake 

P^g  ^  stagnation  pressure  In  the  free  stream 


A  _  1  2  +  (r  -  11 

A»  1  L  y“rV 


v+l 

l^TFTT 
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Bquatloa  2-42  la  darivad  from  thm  tolltming  aaauaptioas: 


1.  Tha  aaas  flow  at  all  atatioaa  la  aqual. 

2.  Thara  la  no  loaa  la  total  taaparatura  la  tha  dlftuaer  duct. 

S.  Thara  la  bo  total  praasnra  loaa  hatwaan  tha  raka  aad  tha 
throttla. 

4.  Flow  la  tha  throttla  la  at  aonlc  valoclty. 

Whan  tha  duct  araa  at  tha  raka  atatlon  and  tha  azlt  araa  ara 
known,  tha  Mach  nuabar  at  tha  raka  aay  ba  obtalnad.  Tha  captura  araa 
ratio  Is  vary  sansltlva  to  tha  Mach  numbar  at  tha  Inlat  dua  to  Its 
functional  relationship  In  the  (A/A*)^  factor.  Figure  2-50  shows  the 

percentage  error  In  capture-area  ratio  for  a  error  and  also  for  con¬ 
stant  error  of  0.01  In  Mach  nuabar.  The  internal  axial  force  on  tha  ^ 

diffuser  aodel  nay  now  ba  calculated  froa 


- 


'o>  * 


'AI 


^Vo  ■  Vr) 


(2-44) 


where 

F  =  streaa  thrust  =  Ap  (1  +  y 

q  =  dynaalc  head  =  pD^  =  ^  pM^ 

Ajj  -  any  reference  araa. 

The  external  axial  force  Is  given  by 

*^AS  ^  ^A  ind  ■  *^AI  "  *^AB 


(2-45) 


« 


where  subscripts 

A  =  axial  force 

B  =  base  ^ 

o  *  total  Isantroplc  stagnation  conditions 
Ind  =  indicated 

Since  and  are  usually  large  coapared  with  a  1%  error  in  4 

either  of  the  foraer  will  give  an  error  of  several  per  cent  In  the 
latter. 


The  static  pressure  is  neasured  In  the  duct  Just  aft  of  the 
rake  by  a  transducer  and  read  out  on  analog-to-dlgltal  indicators  dur¬ 
ing  the  test.  A  plot  of  the  ratio  of  this  pressure  to  the  local  total  4 
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pireesare  as  a  function  of  throttle  sett ins  constructed  at  the  tine  of 
calibration  Is  helpful  In  the  data  reduction.  It  Is  also  desirable  to 
aake  a  plot  of  versus  A during  the  run  so  that  there  will 

be  a  sufficient  number  of  data  points  to  define  a  curve.  This  Is  par- 
1  tlcularly  Inportant  In  the  region  of  critical  total  pressure. 

Fron  eight  tests  (consisting  of  126  runs),  during  which  the 
flow  conditions  were  nalntalned  as  constant  as  possible,  average  values 
of  the  paraneters  were  obtained.  The  following  table  gives  an  indica¬ 
tion  of  the  repeatability  of  such  diffuser  tests. 


6 


6 


*  Deviation 

fron  Average 

Parameter 

Mean 

Maximum 

0.0007 

0. 0060 

Ptr/Pto 

0.0007 

0. 0045 

^AE 

0.0014 

0. 0079 

Axial  Force  ( lb) 

0.34 

1.94* 

One  point  out  of  126  runs. 


2.6.3  Effect  of  Model  Scale  on  Olf fuser  Characteristics 


The  question  of  the  relative  accuracy  between  identical  nodels 
of  greatly  different  scale  in  regard  to  supersonic  inlet  diffusers  has 
frequently  been  raised.  In  general,  it  can  be  stated  that  pressure  re¬ 
covery  and  mass-flow  ratio  are  relatively  unaffected  by  large  differ¬ 
ences  In  model  scale  so  long  as  the  smaller  models  are  adequately  in¬ 
strumented  to  measure  these  parameters  and  the  change  in  Re  is  not 
critical.  Oscillatory  flow  (buzz)  conditions  are  not  Independent  of 
model  scale,  however,  since  the  length  and  volume  of  the  flow  channel 
which  generally  cannot  be  scaled,  play  a  part  in  the  buzz  frequency  and 
amplitude.  For  example,  buzz  frequencies  encountered  in  a  full-scale 
diffuser  were  of  the  order  of  50  cps,  whereas  those  in  a  1/5-scale  model 
were  150  to  250  cps  under  similar  flow  conditions.  Usually  the  buzz- 
free  range  of  mass-flow  ratios  is  greater  for  the  full-scale  model  than 
for  a  small-scale  model,  but  one  instance  on  a  particular  diffuser  type 
for  a  ramjet  in  which  the  reverse  was  true  has  been  experienced.  Hence, 
this  cannot  be  considered  an  axiom. 

To  indicate  the  comparative  effects  of  scale  on  pressure  re¬ 
covery  and  mass  flow,  data  were  obtained  for  two  different  scale-model 
diffusers  of  the  same  full-scale  configuration.  The  two  nodels  shown 
in  Fig.  2-51  are  essentially  the  same  internally  except  for  the  rake 
position  with  respect  to  the  cowl  lip.  The  external  contours  are  com¬ 
parable  for  several  inlet  diameters  aft  of  the  cowl  lip.  As  indicated 
in  Fig.  2-51  there  are  two  items  which  are  not  reduced  in  true  scale: 

1)  Each  model  was  built  to  the  same  tolerance  in  the  critical  regions 
(+  0.001  in.)  and  2)  each  model  has  the  sane  physical  lip  thickness  of 
07005  in.  (Note  that  the  ratio  of  the  inlet  areas  of  these  nodels  is 
5  to  1.)  The  rake  used  for  measuring  pressure  recovery  of  the  large 
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sodel  utilises  33  total  pressure  probes  located  on  an  equal  area  basis, 
while  that  for  the  seall  sodel  uses  nine  total  pressures,  also  spaced 
on  equal  areas. 

Figure  2-52  shows  the  diffuser  characteristics  obtained  for 
each  of  these  models  at  four  Mach  numbers.  In  general,  the  agreement 
between  the  two  models  is  good.  The  differences  between  the  maximum 
capture  area  ratios  are  0.013  at  Mach  1.73  and  0.008  at  Mach  2.23,  in¬ 
creasing  to  0.025  at  Mach  2.50  and  decreasing  to  0.010  at  Mach  2.77. 
There  is  little  difference  in  the  maximum  pressure  recovery  obtained 
at  1.73,  and  a  difference  of  about  0.015  at  Mach  2.23,  which  is  the 
same  order  of  magnitude  as  observed  at  Mach  2.50  and  2.77.  It  is  prob¬ 
ably  fortuitous  that  the  buzz  starts  at  about  the  same  capture-area 
ratio  for  both  models  at  Mach  2.23.  Flagged  points  indicate  that  buzz 
is  occurring;  the  reliability  of  the  data  at  any  flagged  point  is  there¬ 
fore  questionable. 


At  each  Mach  number,  except  2.77,  the  large  model  was  run 
three  times.  The  points  from  every  run  are  plotted.  No  attempt  to  dif¬ 
ferentiate  between  the  runs  has  been  made  because  the  points  are  crowded. 
Many  of  the  data  points  were  identical  between  runs  and  therefore  a 
single  point  may  represent  two  data  points.  All  of  these  points  were 
plotted  in  order  to  indicate  the  repeatability  of  the  measuring  appara¬ 
tus  (Fig.  2-44)  which  was  utilized  with  the  large  model  only.  For  the 
small  model,  the  average  repeatability  within  a  run  was  +  0.001  of  both 
pressure  recovery  and  capture-area  ratio. 


An  analysis  of  the  data  reduction  procedures  indicates  that 
if  the  Mach  number  at  the  inlets  had  been  interpolated  to  the  estimated 
values  of  free-stream  Mach  number  to  the  thousandth  place  instead  of 

the  hundredth,  the  difference  between  maximum  capture-area  ratios  would  H 

have  been  reduced  from  0.013  to  0.011  at  nominal  Mach  1,73  and  from 
0.008  to  0.004  at  nominal  Mach  2.23.  This  had  no  effect  upon  pressure 
recovery,  however. 


An  examination  of  the  large  model  innerbody  disclosed  that 
from  tip  to  lip  the  vast  majority  of  stations  were  0.001  in.  under  de- 
81  sign  contour.  This  is  a  condition  tending  to  increase  capture,  but 

only  in  the  order  of  0.001  in  A^Aj^,  if  previous  test  data  may  be  in¬ 
terpolated  to  values  this  small.  A  similar  examination  of  the  small 
innerbody  showed  that  the  first  70^  from  tip  to  lip  was  consistently 
0.001  in.  under  size,  and  the  last  30^  was  0.001  in.  oversize.  Pre¬ 
vious  test  data  indicate  that  slightly  larger  changes  than  this  in  the 
compressing  surface  do  not  change  the  maximum  capture-area  ratio,  though 
61  the  peak  pressure  recovery  is  affected. 


It  may  be  stated  that  reasonably  accurate  diffuser  data  may 
be  obtained  from  very  small  models  and  that  a  fabrication  tolerance  of 
+  0.001  in.  in  critical  regions  is  sufficient  for  Mach  numbers  less 
than  4.  The  above  information  is  a  confirmation  of  earlier  tests  of 

full-scale,  1/3-scale,  and  1/5-scale  diffusers,  from  which  comparable  € 

results  in  capture  area,  pressure  recovery,  and  external  cowl  drag  (in¬ 
cluding  additive  drag)  were  obtained. 
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a. 6. 4  Probe  Poeltlons  in  a  Circular  Duct 


An  average  pressure  or  an  Integrated  pressure  over  the  cross 
6  section  of  a  circular  duct  is  very  easily  obtained  if  the  pressure 

probes  are  so  distributed  that  each  is  at  the  center  of  an  equal  area. 
Pressures  are  usually  seaaured  by  seans  of  a  rake  consisting  of  a  rec¬ 
tilinear  array  of  probes  which  span  the  duct.  The  positions  of  the 
probes  say  be  calculated  by  the  following  method  for  the  sost  general 
case  of  a  duct  with  an  inner  body. 

6 


6  Let  there  be  n  equal  areas  in  the  duct  annulus  whose  Uniting 

radii  are  R  and  R^.  P^  is  any  probe,  0  £  1  =  n.  R^  and  are  the 

radii  of  the  annulus  served  by  P^.  Then 


6 


f 


from  which  one  may  obtain 


Similarly,  since  is  centrally  located  in  its  annulus. 


giving 


2  2 
®ip  =  "IP 


R 


ip 


(H*  -  R^*)  +  R 


2 

o 


When  there  is  no  central  body,  ~  0  and  these  equations  reduce  to 


R 


i 


R 
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Tb«  nuaber  of  proboa  oa  a  raka  la  uaually  2a  slace  It  apaaa 
tbe  dlaaeter  ratber  tbaa  tbe  radius.  Occaaioaally  a  cruclfora  rake 
aay  be  used  with  4a  probes. 

Asyasetrlc  effects  aay  be  deteralaed  by  tbe  rotatloa  of  the 
rake.  Direct  loos  for  the  placeaent  of  pressure  orifices  oa  bodies  of 
revolutioa  glvea  la  Subsec.  2.7.1  will  also  apply  to  the  rotatloa  of 
the  duct  rake. 


The  probe  posit  loos  fnr  a  duct  of  radius  R  aay  be  easily  de- 
teraloed  froa  Table  2-4. 


2.7  Pressure  Measureaeats  oo  the  Eateroal  Surfaces  of  Models 


Pressure  dlstrlbutloos  oo  the  ezteroal  surfaces  of  vlod-tuaael 
aodels  are  f request ly  required  to  establish  the  load  dlstrlbutloa  oa 
the  alrfraae  cospoaeots  la  tbe  structural  deslgo  phase.  lo  certala  la- 
staoces  where  fuadaoeatal  flow  probleas  (e.g.,  wlag-body  or  wlog-tall 
loterfereace)  are  belag  lavestlgated,  pressure  aeasureaeats  are  useful 
for  a  basic  uoderstaadlog  of  the  phenoaeaa.  Because  a  great  deal  of 
tlae,  both  la  actual  test log  as  well  as  In  data  reductions,  Is  required 
to  Integrate  pressure  distributions  to  give  forces  and  aoaents,  It  is 
better  to  obtain  the  latter  directly  froa  force  tests.  The  objective 
of  a  pressure  distribution  test  should  be  carefully  assessed  beforehand 
so  that  the  test  may  be  accomplished  with  the  least  number  of  pressure 
orifices  and  leads,  since  a  great  proportion  of  the  test  tine  Is  taken 
up  by  Installation,  pressure  checking,  and  ellainatlon  of  leaks.  On 
the  other  hand,  a  knowledge  of  pressure  distribution  Is  often  used  to 
explain  anomalies  that  occur  In  force  tests. 

Several  pressure  distribution  techniques  are  discussed  below. 


2.7.1  Pressure  Surveys  on  Bodies  of  Revolution 


Assuming  that  peripheral  and  axial  pressure  distributions  are 
desired  on  a  body  of  revolution,  three  pressure  orifices  located  stra¬ 
tegically  In  the  sane  lateral  plane  around  the  nodel  can  yield  a  aazl- 
aun  of  46  pressures  and  two  known  slopes  around  tbe  periphery  when  tbe 
nodel  is  run  through  equal  positive  and  negative  angle-of-attack  ranges 
at  each  of  four  roll  orientations.  Tbe  orifices,  however,  nust  be  care¬ 
fully  located.  They  aust  not  be  placed  at  120-deg  Intervals,  with  <me 
orifice  on  top.  Instead,  TEe  orifices  should  be  placed  at  9  =  5,  100, 
and  285  deg  when  the  nodel  Is  at  aero  roll-orientation  (4=0).  If  the 
nodel  Is  run  through  the  angle-of-attack  range  at  4  =  -  IS,  0,  15,  and 
30  deg,  a  total  of  46  Individual  pressures  are  obtained  by  iaaglng  each 
pressure  about  the  vertical  plane  of  synaetry  (see  Fig.  2-53).  Although 
no  actual  pressures  are  obtained  at  6  =  0  and  180  deg,  by  synaetry  It 
Is  known  that  tbe  slope  due  to  angle  of  attack  nest  be  aero  at  these 
two  points.  It  Is  also  observed  that  only  four  15-deg  gaps  exist  be¬ 
tween  adjacent  pressures,  and  these  can  be  moved  around  to  other  areas 
by  Judicious  selection  of  4's. 
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The  axial  location  of  the  pressure  orifices  is  largely  de¬ 
pendent  upon  the  eodel  shape.  In  the  regions  of  continuous  curvature, 
such  as  an  ogival  nose  or  boattail,  close  spacing  of  the  orifices  is 
desirable  in  contrast  to  the  spacing  required  on  cylindrical  sections, 
where  the  pressures  are  not  expected  to  vary  appreciably.  If  axial 
force  is  of  priaary  interest,  the  data  reduction  nay  be  simplified  by 
placing  the  orifices  at  centers  of  equal  incremental  are%  when  viewed 
from  the  front,  in  much  the  same  manner  as  described  in  Subeec.  2.6.4. 

A  similar  approach  can  be  taken  if  normal  force  and  pitching  moment  are 
of  primary  interest.  The  initial  and  final  axial  orifices  should  be 
located  as  close  to  the  tip  and  base  of  the  model  as  is  physically 
possible. 


Even  though  flow  irregularities  of  +  0.01  in  Mach  number  may 
be  tolerated  in  force  tests,  they  may  produce  unwanted  anomalies  in 
pressure  data.  Hence,  if  the  tunnel  is  not  free  from  flow  disturbances, 
every  effort  should  be  made  to  place  the  model  in  a  region  of  the  tunnel 
where  the  disturbances  are  fewest.  If  they  cannot  be  avoided  entirely, 
they  nay  often  be  allowed  to  occur  in  the  regions  of  least  Interest  on 
t  he  body . 


2.7.2  Pressure  Surveys  on  Thin  Surface; 


The  installation  of  static  pressure  orifices  on  a  thin-win; 
surface  is  frequently  required.  In  some  cases,  where  pressures  are  > 
be  measured  on  one  surface  of  the  wing  only,  it  is  possible  to  drill 
the  orifices  completely  through  the  wing  and  to  make  a  soldered  connt'o- 
tlon  to  conventional  metal  capillary  tubing  on  the  opposite  surface  cf 
the  wing.  The  tubes  can  then  be  run  along  this  surface  (provided  that 
they  are  tacked  securely  to  the  surface  so  that  they  do  not  tear  loose 
during  operation)  and  led  out  of  the  tunnel  through  the  sting  suppor* 
or  wall  support  device. 

If  pressures  are  to  be  measured  on  both  sides  of  a  wing  sur¬ 
face,  or  if  disturbances  from  external  tubing  cannot  be  tolerated, 
grooves  may  be  machined  in  the  wing  surface  and  the  metal  tubing  sol¬ 
dered  into  the  grooves.  After  the  grooves  are  filled  and  faired  flush 
with  the  original  surface,  the  pressure  orifice  can  then  be  drilled 
perpendicular  to  the  surface  into  the  tube.  If  the  surface  is  suf¬ 
ficiently  thick,  it  can  be  manufactured  in  three  layers  composed  of  the 
top  and  bottom  surfaces  and  an  intermediate  layer  which  has  machined 
grooves  routed  to  the  desired  orifice  locations.  The  orifices  can  be 
drilled  through  the  top  and  bottom  surfaces  to  intersect  the  appropriate 
grooves.  It  is  usually  good  practice  to  leave  sufficient  material  on 
the  top  and  bottom  surfaces  so  that  the  wing  may  be  ground  to  final  di¬ 
mensions  after  the  three  layers  are  fastened  together. 

Surface  pressures  on  two-dimensional  bodies  of  small  thickness 
ratio  have  been  measured  by  traversing  the  surface  with  a  conventional 
static  pressure  probe  (Ref.  93).  The  method  may  be  applied  to  thin 
bodies  that  are  difficult  to  instrument  with  conventional  surface  pres¬ 
sure  taps.  Surface  pressures  on  thin  bodies  can  be  measured  precisely 
with  probes  at  points  slightly  off  the  surface,  since  viscosity  provides 
a  boundary  layer  through  which  the  static  pressure  is  constant  in  a  di¬ 
rection  normal  to  the  body  surface  when  the  curvature  is  small.  This  is 
true  only  for  flows  which  are  irrotational  outside  the  boundary  layer. 
Figure  2-54  shows  a  pair  of  slender  static-pressure  probes  aligned  with 
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2. 7. 4.1 


the  chord  of  a  thin  two-dlsenslonal  airfoil  that  was  used  to  obtain 
surface  pressure  distributions  at  transonic  speeds  and  seall  angles  of 
attack.  The  ratio  of  probe  diameter  to  airfoil  thickness  was  of  the 
order  of  one-half,  and  the  probes  were  held  together  by  a  loop  of  wire 

approxieately  two  diameters  from  the  tips.  The  wire  loop  also  made  • 

the  probe  boundary  layer  turbulent,  an  important  factor  in  measuring 
steep  pressure  gradients.  The  agreement  between  interferometer  and 
probe  measurements  was  good  except  in  the  vicinity  of  the  airfoil  lead¬ 
ing  edge,  as  shown  in  Fig.  2-55;  the  bow  shock  was  attached  in  one  in¬ 
stance  and  detached  in  the  other. 

2.7.3  Correct  Angle-of-Attack  Determination  for  Pressure  Models  • 


Since  the  model  support  system  will  deflect  to  some  extent 
under  air  loads,  the  true  angle  of  attack  will  differ  from  the  indicated 
angle  of  attack.  In  most  instances  it  is  necessary  to  correct  for  this 
deflection.  The  simple  technique  of  taking  a  spark  photograph  of  the 
model  and  some  reference  line  on  the  wind  tunnel  window  and  then  reading 
the  angular  difference  between  the  reference  and  the  silhouette  of  the 
model  on  a  comparator  does  not  give  accurate  or  repeatable  results,  even 
when  the  prints  are  read  when  still  wet  to  diminish  the  effects  of  paper 
distortion.  A  preferred  method  is  to  mount  strain  gages  on  the  support 
and  to  calibrate  the  strain  outputs  against  angle  of  attack  (see  Sub¬ 
sec.  3. 2. 8. 6).  Experiments  at  David  Taylor  Model  Basin  (Ref.  94)  have 
shown  that  mounting  a  single  bridge  at  one  particular  axial  location  on 
a  given  sting  support  (determined  by  experiment)  will  give  an  output 
that  is  uniquely  a  function  of  angle  of  attack  due  to  support  deflection. 
This  bridge  cannot  correct  for  angular  deflections  or  slop  in  the  mech¬ 
anism  behind  the  gages,  and  deflections  in  this  area  must  be  accounted 
for  in  some  other  manner. 


2.7.4 


Pressure  Model  Supports 


There  are  so  many  ways  of  mounting  pressure  models  from  the 
wall  or  floor  of  the  wind  tunnel,  each  dependent  on  the  model  configura¬ 
tion,  the  test  section  design,  and  the  measurements  to  be  made,  that 
only  a  few  sting-type  supports  with  certain  unique  features  will  be  de¬ 
scribed  here.  Although  remotely-controlled  variable  features  in  pres¬ 
sure  supports  are  of  advantage  predominantly  in  continuous-flow  wind 
tunnels,  they  also  have  certain  applications  in  blowdown  tunnels,  if 
the  blow  time  is  long  enough  to  obtain  several  sets  of  data  in  one  run. 

2.7.4. 1  Roll- Indexing  Support 


The  roll- indexing  support  shown  in  Fig.  2-56  was  designed  for  * 

remote  control  of  the  roll  of  sting-mounted  pressure  models  carrying  a 
relatively  large  number  of  pressure  leads.  The  case,  made  of  three 
parts  which  screw  together,  has  provisions  for  adding  spacers  or  exten¬ 
sions  to  vary  the  axial  location  of  the  model  in  the  tunnel.  The  main 
shaft  (0.75-in.  l.d.)  is  supported  by  two  ball  bearings  and  is  roll- 
indexed  by  a  d-c  motor,  offset  from  the  centerline  of  the  support  so 

that  it  will  not  interfere  with  the  pressure  leads.  Pressure  connec-  9 

tlons  can  be  made  Inside  the  support  and  are  accessible  by  unscrewing 

the  aft  section  of  the  support.  If  there  are  only  a  few  pressure  ''on- 

nections  to  be  made,  they  can  be  made  in  the  area  at  tbe  forward  e 

of  tbe  shaft  where  provisions  have  been  made  for  the  installation  of  a 

cannon  plug  in  the  event  that  it  is  desired  to  convert  tbe  unit  to 
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support  an  internal  force  balance.  A  wiper  wounted  on  the  shaft  and 
the  slide  wire  sounted  on  the  shell  Indicate  the  roll  attitude  of  the 
Bodel.  It  is  possible  to  rotate  the  shaft  through  an  Included  roll- 
angle  range  of  only  300  deg  due  to  the  single-turn,  slide-wire  llsita- 
tlon,  but  the  sodel  can  be  oriented  at  any  initial  angle  with  respect 
to  the  shaft  to  give  the  desired  range  of  Investigation.  The  offset 
Botor  housing  was  resorted  to  in  order  that  the  frontal  area  could  be 
kept  snail  enough  to  pernlt  operation  at  Mach  nuBber  1.25  in  the  OAL 
closed-wall  tunnel. 

2. 7. 4. 2  Diffuser  Inlet  Pressure  Support 

This  pressure  support  is  designed  for  measuring  pressure  re¬ 
covery  and  mass  flow  of  diffuser  inlet  models  when  they  are  in  the 
presence  of  a  wing  or  wing-body  model.  Figure  2-57  shows  a  sketch  of 
this  support  carrying  a  simulated  model  mounted  aheiiu  of  the  diffuser 
inlet.  The  model  Is  mounted  on  a  sting  that  is  supported  on  the  mount¬ 
ing  base  (Section  A-A)  which  can  be  moved  laterally  or  vertically  to 
adjust  the  model  position  in  relation  to  the  diffuser  inlet.  Any  model 
or  engine  inlet  design  may  be  used  with  this  support  within  certain 
physical  limits.  A  total  head  rake  and  static  pressure  orifices  at  the 
rake  are  used  to  make  the  measurements  required  for  computing  pressure 
recovery  and  mass-flow  ratio  by  the  method  indicated  in  Subsec.  2.6.2. 
The  range  of  maximum  diffuser  inlet  sizes  that  can  be  used  with  this 
support  is  given  in  Fig.  2-45. 
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Properties  of  common  manometer  fluids 


Coloring  (gent:  Pont(»lne  for  red,  Fluoreseln  for  green. 

Note;  Bolling  and  aelting  points  at  1  ata  for  Acetylene  Tetrabroalde  are  462'F  and  32’F:  for  mercury,  they  are  675*F 
and  -37.8*F. 


Table  2-3 

Shock  angles  for  cones  as  a  function  of  Mach  number 
(0  -  nose  seal-angle) 


Mach  No. 

fl  =  5 

Shock  Wave  Angles 

10  15  20  25 

30 

1.05 

72.4 

...  . 

Detached  Bow-Wave 

1.1 

65.6 

67.0 

1.2 

56.4 

57.5 

60.6 

72.5 

— 

— 

1.3 

50.5 

51.4 

53.4 

58.0 

— 

— 

1.4 

45.5 

46.3 

48.3 

52.8 

59.3 

— 

1.6 

39.0 

39.4 

41.6 

46.2 

52.2 

59.1 

1.8 

34.0 

34.6 

37.1 

41.6 

46.7 

52.6 

2.0 

30.1 

31.3 

33.7 

38.0 

43.0 

48.3 

2.5 

23.8 

24.8 

27.8 

32.2 

37.1 

42.6 

3.0 

20.0 

21.3 

24.7 

29.3 

34.2 

39.5 

3.5 

16.9 

19.4 

23.4 

27.7 

32.7 

38.3 

4.0 

14.8 

17.5 

22.0 

26.5 

31.5 

37.2 

4.5 

13.4 

16.5 

21.9 

25.6 

30.9 

36.5 

5.0 

12.4 

15.5 

20.0 

24.9 

30.2 

35.8 

5.5 

11.5 

14.9 

19.3 

24.4 

29.8 

35.2 

6.0 

10.7 

14.4 

18.9 

24.0 

29.4 

34.8 

6.5 

10.1 

14.0 

18.5 

23.6 

29.1 

34.5 

7.0 

9.5 

13.5 

18.2 

23.3 

28.9 

34.3 

7.5 

9.0 

13.2 

18.0 

23.0 

28.7 

34.1 

8.0 

8.5 

13.0 

17.8 

22.8 

28.5 
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Source;  Ref.  8 
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Fig.  2-3.  Effect  of  hole  size  on  stress-pressure  nessuresents 
for  sir  or  water  (M  =  0)  for  square-edged  hole. 
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Fig.  2-4 
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Fig.  2-4.  Change  in  flow  parameters  through  a  normal  shock 

in  air. 


ri«.  2-5 


NAVORD  Report  1488  (Vol.  6,  Sec.  20) 


I 


Froe  Meeured  values  of  the  probe 
Lislts  due  to  0.001-in.  aachlnlng  error 
Source:  Ref.  10 


Fig.  2-5.  Comparison  of  static  pressure  on  a  5-deg 
cone  and  on  a  specially  designed  probe. 


Fig.  2-6.  Error  in  stream-pressure  and  stagnation- 

pressure  measurements  due  to  isotropic  turbulence. 
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Source;  Refs.  23  and  24 
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Fig.  2-9.  Stagnation-pressure  error  vs  angle  of  yaw  at  • 

constant  Mach  number  for  flat-nosed  probes  with 
internal  bevel. 
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Source:  Refs.  23  and  24 
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Fig.  2-10.  Stagnation-pressure  error  vs  angle  of  yaw  at 
constant  Mach  number  for  truncated-cone  probes. 
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Pressure  Hessuresent 


Fig.  2-12 


Source;  Ref.  29  and  29a 


Angle  of  Attack 


Kiel  Probe  Best  Modification 


Fig.  2-11.  Stagnation  pressure  error  vs  angle  of  attack 
for  shrouded  stagnation-pressure  probes. 


(r^  is  the  outside  radius  of  a  thin-walled  tube) 

Fig.  2-12.  Viscous  effects  in  a  stagnation-pressure  tube. 
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Source:  Ref.  40 


Indicated  Velocity  (ft/sec) 


Fig.  2-14.  Effective  position  vs  velocity  for  Fage  and 
Falkner  boundary- layer  probe. 
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Fig.  2-23.  Operational  details  of  pressure  transducer 
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Fig.  2-26 
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Pressure  Measurement 


Fig.  2-43 
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Source:  OAL 
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Source;  OAL 
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Fig.  2-32 
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Fig.  2-33.  Cone  sensitivity  vs  Mach  number 
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Fig.  2-34 


Source:  OAL 
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Fig.  2-45.  Variation  of  nlnlmun  value  (swallowed  shock) 

with  free-streaa  Mach  number  for  various  values  of  pres¬ 
sure  recovery. 
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Fig.  2-50.  Error  in  capture-area  ratio  due  to  errors  in  free- 

stream  Mach  nunbers. 
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NOTE)  SOLID  SYMBOLS 
BHEM^MiO  ros 


rUAL  ORIFICE  POSITIONS 
DEC,  too  DEC,  AND  2BS  DEC. 


•  INTERPEIIOCIIMI 


i.  Sketch  of  probe  coofiguratlon  Hg.  2-55.  Coeperleon  of  preeeure  dlstrl' 

an  airfoil  of  3^  thlcknesa.  but Ions  obtained  fron  probes  and  In- 
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3.  Force  Measureeent 

Before  going  on  to  the  discussion  of  force  aeasureBent,  it 
any  be  worthwhile  to  review  briefly  the  basic  terse  (Fig.  3-1)  and 
definitions  that  apply  to  the  aeasureaent  of  forces  (Ref.  265). 

Accuracy  is  the  degree  of  correctness  with  which  a  aeasuring 
aeans  yields  the  ^’true"  value  of  a  aeasured  quantity.  The  true  value 
refers  to  accepted  engineering  standards,  such  as  the  standard  aeter, 
gran,  etc.  It  is  assused  that  a  true  value  always  exists  even  though 
it  any  be  iapossible  to  deteralne. 

Preci^^ion  is  the  degree  of  reproducibility  among  several  in¬ 
dependent  aeasureaents  of  the  sane  true  value  with  one  set  of  instru¬ 
ments  under  specified  conditions.  This  is  frequently  referred  to  as 
"repeatability.”  It  is  usually  expressed  in  terns  of  deviation  in 
aeasureaent . 

Error  is  the  algebraic  difference  between  a  value  which  re¬ 
sults  from  aeasureaent  and  the  corresponding  true  value.  A  positive 
error  denotes  that  the  aeasured  value  is  algebraically  greater  than 
the  true  value.  Error  is  usually  expressed  in  the  units  of  the  aea- 
sured  quantity,  or  as  a  fraction  (or  per  cent)  of  the  full  scale  value, 
or  of  the  actual  value. 

Deviat ion  is  a  statistical  nuaber  representing  the  random¬ 
ness  among  Independent  measurements  of  the  same  true  value.  Deviation 
is  variously  expressed  as  1)  the  difference  between  any  aeasureaent 
and  the  mean  value  of  two  or  more;  2)  the  average  of  several  Independent 
variations  from  the  mean  (i.e.,  the  Average  Deviation);  3)  the  root- 
mean-square  value  computed  from  several  individual  deviations  (i.e.,  the 
Standard  Deviation);  or  4)  the  ratio  of  1),  2),  or  3)  to  the  mean.  In 
any  case  the  number  of  observations  should  be  stated. 

Sensitivity  is  the  ratio  of  output  response  to  a  specified 
change  in  the  measured  variable.  For  example,  an  automatic-temperature 
controller  having  a  net  output  pressure  of  15  psl  and  a  full  scale  range 
of  0  to  150®F  would  have  a  sensitivity  of  0.1  psl/"F.  Where  nonlinear 
relationships  are  involved,  the  point  or  points  at  which  the  sensitivity 
is  given  should  be  stated. 

Resolution  sensitivity  is  the  minimum  change  in  the  measured 
variable  which  produces  an  effective  response  of  the  instrument  or 
automatic  controller.  Resolution  sensitivity  nay  be  expressed  in  units 
of  the  measured  variable,  as  a  fraction  or  per  cent  of  tbe  full  scale 
value,  or  as  a  fraction  or  per  cent  of  the  actual  value. 

Threshold  sensitivity  is  the  lowest  level  of  tbe  measured 
variable  which  produces  effective  response  of  the  instrument  or  auto¬ 
matic  controller. 

Dead  band  is  the  range  of  values  through  which  the  measured 
variable  can  be  varied  without  initiating  effective  response. 

Bridge  is  a  four-terminal  network  capable  of  being  balanced. 
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Bridge  are  is  the  portion  of  a  bridge  network  between  two 
adjacent  terniMls. 

Bridge  input  is  the  voltage  applied  to  the  bridge. 

Bridge  output  is  the  current  or  voltage  of  the  detector 
branch  of  the  Bridge  network. 

lance  is  the  condition  existing  in  a  bridge  when  the  wag- 
nltude  of  the  (d-c)  resistances  or  (a-c)  Iwpedances  are  such  that  a 
zero  output  voltage  or  current  results.  When  this  condition  is  ob¬ 
tained,  the  values  of  the  resistances  or  iwpedances  satisfy  the  bridge 
equation  which  has  been  derived  on  the  assuaption  of  zero  output. 

Unbalance  occurs  when  the  arn  impedances  do  not  have  the 
proper  magnitudes  to  satisfy  the  bridge  equation  (i.e.,  the  bridge  is 
unbalanced) .  Some  bridges  are  deliberately  operated  unbalanced,  and 
the  variations  in  output  voltage  or  current  are  used  as  a  measure  of 
the  change  in  magnitude  of  a  particular  bridge  element. 

Resistance  (or  resistive)  balance  is  the  condition  existing 
in  an  a-c  bridge  when  the  resistance  elements  are  of  the  proper  magni¬ 
tude  to  satisfy  the  conditions  of  the  bridge  equation.  An  a-c  bridge 
that  has  both  resistance  and  reactance  elements  cannot  be  adjusted  to 
balance  unless  both  the  resistance  and  reactance  elements  have  the 
proper  values  simultaneously.  If  the  capacitive  reactance  elements 
are  not  adjusted  to  the  proper  value  for  balance  and  the  resistance 
elements  are  being  varied,  the  detector  will  indicate  a  minimum  for 
some  value  of  the  variable.  The  values  of  arm  resistance  for  which 
this  minimum  occurs  do  not  satisfy  the  basic  bridge  equation  except  in 
the  eqi  irm  bridge.  However,  the  adjusting  of  the  resistances  to 
this  m  m  is  often  referred  to  as  "obtaining  a  resistance  balance." 

The  gen^  i  procedure  for  obtaining  balance  in  an  a-c  bridge  is  to 
successively  adjust  the  resistance  and  reactance  to  smaller  and  smaller 
minima  until  a  zero  detector  indication  is  obtained. 
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Capacitive  balance  is  the  condition  existing  in  an  a-c  bridge 
when  the  capacitance  elements  are  of  the  proper  magnitude  to  satisfy 
the  conditions  of  the  bridge  equation.  It  has  similar  limiting  condi¬ 
tions  to  those  Just  enumerated  for  the  resistance  balance  defined  above. 


Bridge  resistance  or  impedance  is  the  resistance  or  impedance 
between  the  output  terminals  when  the  source  terminals  are  shorted. 

Per  cent  unbalance  is  the  percentage  by  which  the  impedance 
or  resistance  of  the  arm  being  varied  deviates  from  that  value  which 
would  balance  the  bridge  (assuming  only  one  arm  is  being  varied).  If 
two  or  four  opposite  arms  are  being  varied  simultaneously  (most  fre¬ 
quently  done  in  supersonic  wind-tunnel  balances),  the  per  cent  unbalance 
is  the  sum  of  the  per  cent  unbalances  of  the  two  or  four  arms. 

Contamination  in  a  bridge  refers  to  any  output  not  due  to 
bridge  unbalance. 

Sixty-cycle  contaminat ion  is  the  appearance  in  the  output  of 
a  bridge  of  a  oC-cycle  voltage  or  current  when  the  bridge  elements  or 
detector  are  either  electrostatically  or  electromagnetically  coupled  to 
the  60-cycle  power  system. 
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Detector  Is  the  device  seaaitlve  to  voltages  or  currents 
used  to  deteralae  the  ugnltude  of  the  bridge  output.  The  bridge  is 
considered  balanced  when  the  detector  indication  is  zero. 

Precision  (or  sensitivity)  of  Imi lance  is  the  degree  to  which 
a  given  coabination  of  source,  bridge,  and  detector  can  be  adjusted  for 
balance.  It  can  be  expressed  in  a  number  of  ways,  such  as  the  per 
cent  aagnitude  change  in  a  particular  bridge  eleaent  which  gives  the 
■iniauB  observable  detector  output  for  a  given  applied  voltage.  Note 
that  it  is  dependent  on  all  three  iteas;  source  voltage,  ainiaua  ob¬ 
servable  detector  input,  and  the  per  cent  change  in  the  bridge  eleaent 
or  eleaents. 

Noise  is  the  existence  in  a  detector  of  a  randomly  varying 
output  without  a  corresponding  bridge  input.  This  detector  character¬ 
istic  Halts  the  precision  of  balance  because  when  the  bridge  output 
voltage  or  current  produces  a  detector  indication  of  comparable  magni¬ 
tude  to  the  noise  indication,  it  becomes  difficult  to  separate  the  out¬ 
put  from  the  noise. 

Capacitive  contaainat ion,  a  term  usually  applied  to  resist¬ 
ance  bridges,  is  a  bridge  output  caused  by  small  stray  capacitances 
between  bridge  elements  or  capacitances  within  a  bridge  element.  These 
produce  a  capacitive  unbalance  even  though  the  resistive  eleaents  may 
be  balanced. 

3.1  Strain  Gages 

The  ultimate  in  strain-measuring  devices  at  the  present  time 
is  the  resistance-type  strain  gage  (Ref.  95).  Its  construction  and 
operation  are  very  simple,  but  it  is  so  precise  that  strains  on  the 
order  of  0.1%  may  be  measured.  The  gage  is  about  the  size  of  a  post¬ 
age  stamp  and  only  slightly  heavier.  It  consists  of  a  metallic  wire 
or  strip  whose  electrical  resistance  varies  with  its  linear  variation. 
The  gage  is  securely  bonded  to  the  meaber  to  be  strained  so  that  any 
strain  in  the  aeaber  is  transmitted  to  the  wire.  Hundreds  of  types  of 
strain  gages  are  coBaerclally  available,  each  having  been  developed  in 
response  to  a  demand  for  a  gage  to  meet  a  specific  condition.  An  ex¬ 
planation  of  the  differences  between  the  gage  types  (see  Ref.  96  for 
more  detailed  treatment)  will  Indicate  the  nature  of  the  application 
for  which  each  is  suited. 

The  most  fundamental  part  of  the  gage  is  the  wire  Itself 
(Ref.  97).  The  resistance  increase  of  a  wire  when  it  is  stretched  is 
due  in  part  to  an  increase  in  length  and  a  decrease  in  cross  section, 
and  in  part  to  an  actual  change  in  specific  resistance.  The  gage  fac¬ 
tor  is  defined  as  the  ratio  of  resistance  change  to  length  change; 


G 


_  AR/R 


(3-1) 


If  this  were  due  entirely  to  dimensional  change,  it  would  be  expected, 
from  Poisson's  ratio,  that  the  gage  factor  of  any  wire  would  be  ap¬ 
proximately  1.7.  However,  materials  vary  widely  in  this  respect,  and 
some  actually  have  a  negative  gage  factor.  The  gage  factor  differs  for 
different  materia  from  -12  for  nickel  to  +6  for  platinum.  Unfor¬ 
tunately,  materials  with  a  high  gage  factor  also  exhibit  a  high  tem¬ 
perature  effect  on  the  coefficient  of  resistance  (Ref.  98  ).  The  two 
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materials  most  widely  used  in  strain  gages  are  a  copper-nickel  alloy 
known  as  advance,  copel,  or  constantan,  which  has  a  gage  factor  of  ap¬ 
proximately  2,  and  an  iso-elastic  alloy  of  nickel,  chromium,  iron,  and 
molybdenum,  which  has  a  gage  factor  of  3.5.  When  strains  are  to  be 
held  at  a  constant  value  for  a  period  of  time  and  changes  of  strain 
applied  as  step  functions,  it  is  desirable  to  use  the  constantan  fila¬ 
ment  gages  which,  while  having  the  lower  sensitivity,  also  have  a  low 
temperature  sensitivity.  In  investigations  where  the  rate  of  change 
of  strain  is  high,  it  is  better  to  use  the  more  sensitive  iso-elastic 
filament  in  spite  of  its  greater  temperature  sensitivity. 

The  second  variation  in  the  gage  type  is  the  actual  construc¬ 
tion  of  the  grid.  The  bonded  strain  gage  usually  consists  of  about 
5  in.  of  1-mil  wire  formed  into  a  series  of  long  parallel  loops.  For 
strain  gages  of  3/8  in.  or  less  in  length,  the  wire  is  often  wound 
around  a  cylindrical  paper  core  in  the  form  of  a  close-wound  helix. 

The  core  is  then  flattened.  In  the  newer  foil  gages  the  strain-sensi¬ 
tive  element  is  composed  of  metallic  foil  on  which  the  grid  pattern  is 

printed  with  an  acid-resistant  ink.  The  unprlnted  portion  is  then 

etched  away.  Foil  gages  are  usually  made  of  constantan  or  nichrome. 

For  convenience  in  measuring  strains  In  different  directions,  gages 
known  as  "rosettes"  were  developed.  These  gages  have  three  or  four 
separate  grids  with  various  angular  orientations  and  can  be  cemented 
to  the  part  with  no  particular  attention  being  paid  to  the  over-all 
grid  orientation.  The  resultant  strains  on  each  of  the  grids  can  be 
recorded,  and  the  true  magnitudes  and  directions  of  the  significant 
surface  strains  in  the  part  can  be  calculated  from  these  data.  The 
nominal  gage  resistance  is  120  ohms,  but  standard  gages  are  also  made 
with  resistances  of  60,  75,  240,  300,  350,  500,  1000,  and  2000  ohms. 

The  third  factor  that  may  vary  in  the  gage  construction  is 
the  base  or  carrier  which  is  used  for  the  filament  wire.  For  most  ap¬ 
plications,  this  carrier  is  a  rag  bond  paper  which  provides  a  very 

sturdy  and  satisfactory  gage.  In  many  strain-gage  applications,  how¬ 
ever,  ease  of  application  and  fast  drying  time  are  factors.  Hence,  a 
base  was  developed  in  which  a  special  thin  paper  is  used  instead  of 
the  rag  bond  paper.  This  type  of  carrier  permits  quicker  evaporation 
of  the  cement  solvent;  it  also  makes  for  remarkably  easy  and  fast  in¬ 
stallation  on  flat  or  curved  surfaces.  On  some  strain  gages  a  protec¬ 
tive  layer  of  felt  is  used  to  cover  the  top  side  of  the  gage. 

Temperature  considerations  led  to  still  a  third  type  of  base. 
This  type  utilizes  paper  impregnated  with  bakelite.  The  sensitive 
element  is  baked  under  pressure  between  two  layers  of  this  impregnated 

paper,  with  the  result  that  the  filament  is  firmly  Imbedded  in  a  bake¬ 

lite  wafer.  These  gages  will  stand  continuous  operation  at  SOO^F,  and 
will  give  limited  service  up  to  500*’f. 

The  foil  strain  gages  are  not  mounted  in  paper  but  in  a  very 
thin  lacquer  having  excellent  mechanical  and  electrical  properties. 

This  is  said  to  Improve  the  transmission  of  strain  from  the  test  tur- 

face  to  the  grid,  and  hence  to  improve  gage  performance  and  stability. 

The  rectangular  cross-section  of  the  conductor  gives  greater  surface 
area  for  a  given  cross-sectional  area,  providing  better  adhesion  be¬ 
tween  gage  and  test  surface.  The  extreme  flexibility  of  foil  gages 
permits  application  to  fillets  and  other  curved  surfaces  without  pre¬ 
forming. 


The  cements  used  to  attach  the  gages  may  also  vary.  In  the 
past  nltro-cellulose  or  phenol-resin  adhesives  have  been  used.  However, 
new  bonding  agents  are  being  produced  with  superior  properties  and 
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shorter  drying  times.  Manufacturers  of  gages  usually  supply  a  suit¬ 
able  cement  with  each  type  of  gage.  Foil  gages  may  be  obtained  with 
strlppable  backing. 

The  last  variable  to  be  considered  in  gage  construction  is 
the  type  of  connection  between  the  lead  wire  and  the  filament  of  the 
gage.  Bonded  gages  may  have  round  or  flat  larger-diameter  leads 
welded  or  soldered  to  the  ends  of  the  grid  wire.  These  are  satisfac¬ 
tory  for  ordinary  stress  analysis  under  static  or  varying  loads.  In 
this  field,  each  gage  is  subjected  to  a  relatively  small  number  of 
stress  changes  of  moderate  magnitude.  When,  however,  gages  are  used 
for  fatigue  study,  fatigue  failure  of  the  filament  wire  is  sometimes 
experienced,  in  many  cases  early  in  the  test.  Similarly,  when  large 
strains  are  involved,  hysteresis  becomes  noticeable  and  premature 
failure  may  occur.  The  dual-lead  wire  strain-gage  which  has  wire  of 
intermediate  size  Introduced  between  the  lead  wire  and  the  grid  wire 
was  developed  to  meet  this  situation.  By  distributing  the  stress  con¬ 
centration  between  two  joints  instead  of  one,  it  effectively  increases 
fatigue  life  and  markedly  decreases  hysteresis  at  high  strains.  Foil 
gages  are  usually  supplied  without  lead  wires  or  ribbons.  After  the 
gage  has  been  Installed,  connections  are  made  by  soldering  the  lead 
wires  directly  to  large  tab-like  extensions  of  the  grid. 

Printed-circuit  wiring  strips  are  now  commer icially  available 
These  strips  are  etched  out  of  a  glass- epoxy-copper  laminate  about 
0.006  in.  thick  and  are  used  in  connection  with  fine-strand  solid  wire 
in  certain  types  of  gage  installation.  They  are  particularly  useful 
for  multiple  installations  because  they  provide  soldering  points  for 
inter-gage  wiring  and  securely  anchor  the  heavier  lead-out  wires. 

Since  the  designs  of  strain  gages  are  constantly  being  im¬ 
proved  and  new  features  are  being  developed,  the  manufacturers’  cata¬ 
logs  should  be  studied  before  a  gage  is  selected  for  a  particular  pur¬ 
pose.  Such  information  is  readily  available  from: 

Baldwin- Lima- Kami It on 

Electronics  and  Instrumentation  Division 

Waltham  54,  Massachusetts 

Tatnall  Measuring  Systems  Company 

Phoenixville,  Pennsylvania 

High  Temperature  Instruments  Corporation 

Bala-Cynwyd,  Pennsylvania 

A  gage  manufactured  in  Europe  has  also  been  used  successfully 
for  balance  applications.  This  gage  (the  TEPIC)  has  a  high  gage  factor 
is  highly  moisture  proof,  and  is  easy  to  apply.  It  is  available  with  a 
transparent,  plastic  body  (Type  BL)  or  paper  mounted  (Type  BP).  Two 
types  of  cement,  one  for  air  drying  and  the  other  for  heat  curing,  are 
also  available.  The  manufacturer's  address  is: 

Huggenberger 
Ackerstelnstr .  119 
Zurich  10/49 
Switzerland 

(Cable  address:  Tenso  Zurich) 

Because  information  relating  to  this  gage  may  not  be  readily  available, 
specifications  for  the  Type  BL  gage  are  presented  in  the  following 
tabulation. 
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Type  BL  Gage  Specif Icatioc 

IS 

Activ 

Lengt 

e 

h 

Active 

Width 

Total 

Length 

Total 

Width 

Resistance 

■fSBH 

HLCliZiBB 

Gage 

Factor 


BL  1/2/120 
BL  1/120 


BL  2/120 
BL  2/350 
BL  2/500 
BL  2/1000 


BL  3/350 
BL  6/350 
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>lication.  Moisture-proofing,  and  Testing  of  Strain  Gages 


To  get  the  maximum  accuracy  from  strain  gages,  it  is  essen¬ 
tial  that  they  be  installed  with  utmost  care  and  in  accordance  with 
the  instructions  which  manufacturers  will  include  with  every  order  of 
strain  gages.  Because  new  bonding  techniques  and  new  cements  are  con¬ 
stantly  being  produced,  and  because  complete  application  kits  and 
specific  instructions  are  readily  available  (e.g.,  see  Ref.  99),  this 
subject  will  be  given  only  a  general  treatment  here. 


Applicat ion. — The  surface  to  which  the  gage  will  be  applied 
must  be  clean  and  even.  Rust,  scale,  grease,  etc,,  must  be  removed 
and  pits  or  unevenness  must  be  ground  out.  Highly  polished  surfaces 
should  be  roughened.  Solvents  (toluol,  acetone,  and  carbon  tetrachlo¬ 
ride)  may  be  applied  with  a  swab,  and  the  surface  should  not  be  touched 
after  it  is  clean.  When  the  cement  (which  comes  with  the  gages)  is 
properly  applied,  it  will  ooze  out  around  the  periphery  of  the  gage. 
Clamping  should  be  done  with  weights  or  spring-loaded  clamps.  (C-clamps, 
because  they  do  not  give  constant  pressure  over  the  complete  drying 
cycle,  should  be  avoided.)  The  gages  may  then  be  heat  dried.  Specifi¬ 
cations  for  the  drying  cycle  of  any  particular  gage  are  available  in 
the  instruction  manual  which  comes  with  the  gage  (e.g..  Ref.  99  for 
Baldwin  SR-4  gage) .  Progress  of  the  drying  may  be  tested  by  checking 
the  electrical  resistance  from  gage  to  metal  or  by  removing  a  gage  and 
testing  for  the  smell  of  solvent.  (Note:  Carbon  tetrachloride  is  toxic.) 


Moisture-proof ing. — Since  resistance  stability  is  essential 
in  strain-gage  measurement  and  the  principal  cause  of  instability  is 
moisture  (other  causes  are  a  matter  of  technique  and  are  not  treated 
here),  gages  must  be  moisture-proofed  when  conditions  and  requirements 
demand.  (That  is,  short  run-time  measurements  in  dry  air  may  not  call 
for  moisture-proofing  while  continuous  operation  in  humid  air  would.) 
Moisture  has  two  effects;  1)  dimensional  changes,  and  2)  moisture  ab¬ 
sorption;  both  cause  a  change  in  resistance,  the  first  through  a  change 
in  strain,  the  second  by  a  change  in  conductivity.  Grease,  wax,  or 
Neoprene  may  be  used  to  coat  the  gage  and  surrounding  area.  The  coat¬ 
ing  depends  upon  the  conditions  under  which  the  gage  will  be  used.  The 
cement  must  be  completely  cured  and  the  gage  must  be  dry  before  it  is 
moisture-proofed.  Specific  instructions  may  be  obtained  from  the  man¬ 
ual  which  comes  with  the  gage  (e.g.,  see  Ref.  99). 
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Testing. — Resistance  tests  may  be  made  with  any  ohmmeter. 
There  may  1^  danger  of  ruining  the  gage  by  insulation  breakdown  if  the 
voltage  used  is  too  high  (e.g.,  22-1/2  v  for  Baldwin  gages).  The  test 
for  leakage  resistance  (from  gage  to  metal)  is  made  after  the  cement 
has  dried  or  cured  and  the  gage  has  cooled.  It  is  preferable  to  per¬ 
form  this  test  before  the  gage  is  put  into  the  circuit  so  that  the 
measured  leakage  is  that  of  the  gage  and  not  the  circuit.  Leakage  due 
to  moisture  may  be  corrected  by  heating  the  gage  and  re-moisture-proof¬ 
ing.  Specific  information  can  be  found  in  full  detail  in  the  instruc¬ 
tion  manual  which  can  be  obtained  with  the  gage  (e.g.,  see  Ref.  99). 
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Associated  Instrumentation  for  Strain-Gage  Measurements 


After  the  strain  gage  has  been  applied  to  a  surface,  it  must 
be  connected  to  Instruments  capable  of  measuring  and  recording  or  at 
least  indicating  small  changes  in  resistance.  These  Instruments  may 
be  both  complex  and  expensive,  particularly  for  those  applications 
where  it  is  desired  to  record  simultaneously  the  output  of  a  large  num¬ 
ber  of  strain  gages.  In  the  case  of  few  gages  and  for  static  or  incre¬ 
mental  strains,  the  Instrumentation  can  be  both  simple  and  inexpensive. 
The  gaging  circuits  can  be  of  two  kinds,  either  potentiometer  type  or 
bridge  type.  The  Wheatstone  bridge  may  be  considered  as  two  parallel 
potentiometer  circuits;  as  such  it  is  inherently  insensitive  to  supply- 
voltage  fluctuations.  The  simplicity  and  broad  frequency  accommodation 
as  well  as  the  capability  for  measuring  changes  in  resistance  as  small 
as  0.001  ohm  have  justified  the  almost  exclusive  use  of  the  Wheatstone 
bridge.  A  simple  circuit  is  shown  below  and  will  Be  briefly  reviewed 
in  following  paragraphs. 


Constant  Voitoge 
Sourcs 


Normal  Wheotstona 
Bridge  Composed  of 
Four  Active  Strom  Goges 


Infinite  Resistance 
Output  Voltmeter 


3. 1.2. 1  Some  Theoretical  and  Practical  Considerat ions  of  the  Wheat¬ 
stone  Bridge 

The  following  analysis  (Ref.  100)  establishes  the  resulting 
changes,  E  ,  in  the  output  voltage  when  the  resistance  in  arm  R„,  a 

O  it* 

strain  gage,  changes  by  a  small  amount,  ^2* 


[g 
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For  so  Initially  "balanced"  bridge,  =  E2.  When  R2  becoaes 
(Rj  +  ARj)  ,  E2  becoaes  (E2  ^2^*  Oence, 

®o  “  ^  ^2>  -  ®4  =  "^2 


Since 


®2  ■  Rj  +  R2  *  **2 


then 


Eo  =  AE2  =  E 


P  R2  +  AR2  R2  1 

L“l  ^  «2  ^2  “ 


Let 


Rj  +  R2  =  R 


and 


[■•^1 


-1 


i  •  ©  *  > 


-  E 
o 


For  the  usual  case,  R^  =  R2,  i.e.,  R  =  2R2,  and 


P  =  ® 
®o  ■? 


By  neglecting  the  quantity  in  the  bracket, 


AR„ 


E-  =  5  *  — (single-arm  output) 

°  '  *‘2 


(3-4) 
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If  the  etreln  In  are  Rj  la  1%,  i.e.,  -j-  =  0.01,  a  gage  factor  of 

G  =  2  will  give  M/K  =  0.02.  The  quantity  represented  by  the  bracket 
in  Eq.  3-3  then  becoaea 


[  ]  =  1  -  j  (0.02)  +  -J  (0.0004)  -  I  (0.000008)  +  ...  s  0.99 


Hence,  Eq.  3-4  is  in  error  by  approxiaately  1%  for  strains  of  1%, 

Consider  a  two-ara  bridge  with  tension  acting  on  leg  R2  and 
coapression  on  R^  such  that  AR2  =  *  Under  strain,  R^  becomes 

Rj  -  ARj  and  R2  becoaes  R2  *  ^2* 


Eo  =  AE2  =  E 


r  ^  ^  ^2  _  ^2_  ] . ,  r  ^2  n 

L"l  -  ^1  ^  «2  ^  ^2  «1  ^  «2j  "  "2J 


and  for  the  usual  Instance  of  R^^  =  R2, 


E  ^2 

E  -  Tt  •  —5—  exactly  (two-arm  output) 

o  £  R2 


(3-6) 


By  superposition,  for  a  four-active-arm  bridge  with  all  resistance 
changes  additive, 


2 

E  — exactly  (four-arm  output) 

‘‘2 


(3-7) 


The  strain  equation  (Eq.  3-1)  may  be  written  as 


^  =  GR(AL/L) 

If  the  strains,  ^/L,  Imposed  on  each  arm  of  a  bridge  are 
equal,  then  the  factor  GR  must  be  held  fixed  to  achieve  matched  resist¬ 
ance  changes  in  each  arm.  In  practice  this  means  using  gages  of  matched 
gage  factor  and  resistance.  In  this  case  Eqs.  3-1,  3-6,  and  3-7  may  be 
combined  to  give 


_  GEHS 


(3-8) 
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where 


N  =  nueber  of  active  Matched  gages 


and 


S 


_  AL 
"  T 


A 


Temperature  Compensation. — The  use  of  two-  or  four-act ive- 
arm  bridges  is  effective  for  Increasing  the  output  and  also  securing 
complete  temperature  compensation.  Assume  that  gages  of  matched  re¬ 
sistance  and  temperature  coefficient  are  mounted  on  the  same  material 
and  exposed  to  the  same  temperature  environment.  Then,  with  tempera¬ 
ture  change,  each  gage  will  exhibit  an  equal  change,  A^,,  in  resist¬ 
ance.  The  net  resultant  change  in  bridge  output  is  zero;  thus  tempera' 
ture  compensation  is  achieved,  l.e.. 


AE^ 


=  E 


R2  +  AR  Rg 

4  +  AR^  +  R2'^+  ARj.  ■  Ri  +  Rg 


When  Rj  =  R21 


AE^ 


=  E 


'  “2  ^  ^  *2!  _  „ 

2(R2  +  AR^J  ^ 


(3-9) 


(3-10) 


Equation  3-8  gives  only  the  open-circuit  voltage  of  the 
bridge.  When  a  meter  or  amplifier  whose  Impedance  is  not  much  higher 
than  the  bridge  impedance  is  connected  across  the  output  terminals, 
the  following  calculations  apply: 


•  I 


The  impedance  of  this  network  as  measured  at  x-x  is 

Z  =  load  resistance  +  effective  bridge  resistance 

XX 


Z 


XX 


_  .  («1  +  «3>  <«2  ^  V 

“l  Rj  +  Rg  +  R3  +  R4 


(3-11) 
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(When  bridge  ares  and  load  are  pure  resistances,  an  ohmaeter  across 
z-x  will  give  the  iapedance.)  When  z-x  is  shorted,  the  current  through 
the  load  (by  Thevenin's  Theorea)  is 


XX 


£  R 

and  =  II  »L  =  -^7 


(3-12) 


For  equal  resistance  legs,  Rj  =  R2  =  Rg  =  =  R.  Then,  after  strain. 


Z  =  R,  +  R 
XX  L 


7  =  *-*  I? 


(3-13) 


L  Rl  +  R  o 


where 


=  potential  across  aeter,  volts 
Ij^  =  current  through  the  aeter,  aaperes 
E^  =  bridge  open-circuit  output,  volts 
R, R^  =  resistance  defined  above,  ohas 


It  should  be  noted  that  the  resistance  "seen"  by  the  meter 
at  terainals  A-A  is  the  bridge  resistance,  R.  In  the  case  of  magneti¬ 
cally  damped  galvanometers,  the  damping  resistance  into  which  the  meter 
must  "look"  is  defined  by  the  manufacturer,  and  the  defined  value  must 
be  held  within  +  2^  if  the  correct  value  of  damping  is  to  be  achieved. 


•  • 


•  •  • 
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where 


Rq  =  danplng  resistance  specified  by  Manufacturer,  ohas 

R  =  effective  bridge  resistance,  ohss 

R.  =  shunt  or  series  resistor  to  be  added,  ohns 
d 

The  naxinun  voltage  (Ref.  100)  to  be  applied  to  a  bridge  may 
be  calculated  from  E  =  VWR  volts. 


where 

W  =  permissible  wattage,  varying  between  1/4  and  1  w, 
depending  on  thermal  inertia  and  cooling 

R  =  bridge  input  resistance,  ohas 

The  minimum  voltage  is  fixed  by  the  sensitivity  of  the  measuring  in¬ 
strument  used  and  maximum  amount  of  strain  expected.  If  the  permis¬ 
sible  bridge  output  is  insufficient  to  drive  the  measuring  instrument 
directly,  then  amplification  is  required. 

Practical  Considerat ions  (Ref.  101). — No  d-c  bridge  is  bal¬ 
anced  unless  its  output  is  zero.  In  some  a-c  bridges  having  non-sinu- 
soldal  input  voltages  or  nonlinear  arm  impedances,  harmonic  voltages 
of  considerable  magnitude  may  appear  in  the  output.  These  harmonic 
voltages  and  currents  remain  even  though  the  bridge  is  balanced  for 
the  fundamental  frequency.  The  usual  technique  of  adjusting  for  mini¬ 
mum  voltage  output  or  for  zero  average  output  in  these  bridges  is  dan¬ 
gerous.  The  only  true  measure  of  balance  Is  a  zero  fundamental  fre¬ 
quency  component  in  the  output.  Bridges  which  do  not  readily  adjust  to 
balance  should  have  their  output  waveform  examined  to  make  sure  the 
cause  is  harmonics  and  not  contamination. 

The  most  sensitive  resistance  bridge  is  always  the  one  with 
four  equal  arms,  if  the  detector  has  a  high  resistance  and  is  voltage 
sensitive.  (This  also  assumes  that  the  allowable  power  dissipation  of 
all  arms  is  the  same.  If  two  arms,  R^  and  R^,  can  have  a  greater  power 

dissipation  than  R2  and  R^,  the  use  of  an  increased  voltage  and  larger 

values  for  Rj  and  R^  will  Increase  the  output.) 

The  output  of  a  bridge  is  directly  proportional  to  the  input. 
Doubling  the  input  voltage  doubles  the  output  current  or  voltage. 

Less  contamination  will  occur  with  a-c  bridges  if  no  output 
transformer  is  used  to  couple  the  bridge  to  the  detector. 

Contamination  in  any  form  Impairs  sensitivity  and  linearity 
of  the  bridge  output  versus  unbalance  curve. 

Matching  of  bridge  impedance  and  detector  impedance  is  not 
usually  required  for  the  average  bridge. 
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Sixty-cycle  bridge  Input  voltages  are  to  be  avoided,  because 
the  bridge  may  have  60-cycle  contaalnation  which  cannot  be  detected  or 
eliminated. 


A-c  bridges  having  very  low  bridge  arm  impedances  ( 10  ohms 
or  less)  should  be  avoided.  The  same  is  true  of  arms  over  10,000  ohms. 

The  power  dissipation  of  the  various  bridge  arms  should  be 
kept  to  a  minimum,  i.e.,  the  lowest  input  voltage  consistent  with  ade¬ 
quate  sensitivity  should  be  used. 

3. 1.2.2  Some  Typical  Strain-Gage  Circuits 


The  simplest  circuit  that  may  be  used  for  strain-gage  mea¬ 
surements  requires  four  gages,  a  battery,  and  a  galvanometer.  The 
long  period  of  the  galvanometer  limits  this  circuit  to  static  measure¬ 
ments;  its  requirement  for  a  level  position  and  freedom  from  shocks 
and  vibrations  adds  to  the  difficulties  of  its  use  in  field  testing. 
The  use  of  a  d-c  supply  has  the  advantage  of  eliminating  the  influence 
of  cable  capacitances  and  allows  very  long  cables  to  be  used. 

To  eliminate  the  use  of  sensitive  galvanome  ers,  the  d-c 
supply  may  be  replaced  by  an  alternating  voltage,  in  which  case  the 
output  of  the  bridge  is  placed  into  an  amplifier  with  a  rectifier,  and 
an  ammeter  is  used  to  indicate  the  off-balance.  Strain  indicators  for 
such  circuits  are  commercially  available  for  both  the  null  method  and 
the  direct-indication  method.  In  the  latter  case,  the  amplifier  and 
the  supply  oscillator  have  to  meet  higher  requirements  of  accuracy  and 
stability. 


When  an  a-c  powered  bridge  is  followed  by  an  amplifier,  some 
circuit  for  indicating  the  phase  between  oscillator  voltage  and  thr 
bridge  unbalance  voltage  must  be  provided  in  order  to  show  the  sign  of 
the  strain.  When  static  strains  are  being  measured,  a  direct  coui  ;ed 
amplifier  may  be  used;  for  the  simultaneous  indication  of  static  and 
dynamic  strains,  its  use  is  a  necessity.  This  type  of  amplifier  Ims 
poor  stability,  and  its  zero  drifts  with  time.  It  is  also  difficult 
to  adjust,  and  hence  it  is  not  often  incorporated  in  commercially  avail¬ 
able  units. 


A  carrier  system  is  less  critical  to  construct  and  more  ver¬ 
satile  in  operation  than  a  d-c  amplifier.  The  carrier  frequency  should 
be  from  4  to  10  times  higher  than  the  modulating  frequency  or  else  a 
gate  or  filter  should  be  used  to  make  the  circuit  insensitive  to  the 
carrier  frequency.  Thus,  in  the  case  of  dynamic  measurements,  the 
highest  frequency  that  can  be  measured  is  determined  by  the  carrier 
frequency  of  the  measuring  apparatus,  and  this  is  chosen  such  that 
cable  capacitances  are  no  longer  important.  The  amplifier  should  be 
designed  to  pass  a  limited  .-^rid  of  frequencies  since  the  noise  level 
is  determined  by  the  bandwidth. 

It  is  usual  to  record  tiic  output  signal  by  means  of  a  cathode- 
ray  oscilloscope  with  an  electron  beam  or  else  a  magnetic  osc ' llograph. 

Although  complete  strain-gage  systems  are  commercially  avail¬ 
able,  it  is  often  desirable  to  build  them.  For  such  cases,  the  infor¬ 
mation  in  Refs.  102  and  103  will  prove  very  useful. 
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3.1.3  Errors  Associated  with  Strain  Gages 


The  use  of  electrical-resistance  strain  gages  to  measure 
aerodynamic  loads  in  wind-tunnel  balances  has  proved  so  successful 
that  refinements  have  been  carried  to  the  point  where  a  high  precision 
of  measurement  is  expected  (Ref.  104).  This  has  necessitated  a  criti¬ 
cal  examination  of  the  characteristics  of  the  strain  gage  itself  as 
well  as  the  consideration  of  the  accuracy  of  the  equipment  used  to  In¬ 
dicate  the  resistance  of  the  gage.  This  subsection  is  concerned  with 
the  former  problem  (Refs.  102,  104,  and  105). 

Aerodynamic  loads  are  usually  measured  by  means  of  four-arm 
strain-gage  bridges  mounted  on  cantilever  beams  or  stings.  The  gages 
are  subjected  to  the  effect  of  the  ambient  stream  conditions  both 
directly  and  indirectly  through  the  supporting  sting.  These  effects 
often  vary  with  time.  Errors  in  indicated  strains  are  mainly  attribut¬ 
able  to  variation  in  temperature.  The  effect  of  this  variation  may  be 
demonstrated  by  placing  the  sting  in  an  oil  bath  and  measuring  the 
change  in  bridge  output  as  it  varies  with  temperature  while  the  sting 
is  in  a  no-load  condition.  By  means  of  several  hot  and  cold  oil  baths 
with  temperatures  up  to  ISO^F,  a  specific  bridge  arrangement  may  be 
calibrated  for  temperature  effect  in  about  15  min,  whereas  the  same 
procedure  in  a  heated  air  stream  might  take  several  hours.  The  oil 
may  be  cleaned  from  the  unit  by  use  of  carbon  tetrachloride  (toxic). 


3. 1.3.1  Thermal  Coefficient  of  Resistance 


The  major  source  of  strain-gage  error  is  the  fact  that  the 
resistance  of  most  wires  changes  with  temperature.  The  variation  is 
not  only  a  function  of  the  change  in  temperature  but  may  also  be  a 
function  of  the  number  of  heating  cycles  to  which  the  gage  has  been 
subjected  and  of  the  time  elapsed  between  cycles.  Theoretically,  tem¬ 
perature  compensation  may  easily  be  accomplished  by  installing  a  second 
strain  gage,  often  known  as  a  dummy  gage  on  an  unstrained  piece  of  the 
same  metal  as  that  to  which  the  active  gage  is  bonded.  If  the  two 
pieces  are  subjected  to  the  same  temperatures  during  testing,  both 
gages  will  experience  identical  thermal  resistance  changes  and  will 
allow  correction  to  be  made  to  the  gage  under  load.  The  dummy  gage 
may  be  so  connected  in  the  bridge  that  it  may  also  measure  strain,  pro¬ 
vided  that  they  measure  in  opposite  directions.  This  method  represents 
a  very  effective  device  for  significantly  increasing  the  strain  sensi¬ 
tivity  and  simultaneously  securing  temperature  compensation.  For  ap¬ 
plications  where  space  will  not  permit  the  use  of  additional  gages,  a 
temperature-compensated  strain  gage  has  been  designed.  The  gage  grid 
is  constructed  of  two  different  wire  materials  in  series,  the  lengths 
of  which  are  so  proportioned  that  the  total  increase  in  resistance  due 
to  temperature  in  the  one  is  cancelled  by  a  decrease  in  the  other. 

The  temperature  range  over  which  this  is  even  theoretically  true  is 
limited.  The  use  of  this  gage  is  also  limited  by  the  fact  that  there 
is  an  uncancelled  resistance  change  in  the  lead  wire,  whereas  in  the 
dummy  gage  application  this  change  is  covered. 


In  actual  practice,  temperature  compensation  is  not  easily- 
achieved,  since  there  is  also  a  random  scatter,  even  in  gages  of  the 
same  resistance,  gage  factor,  and  lot  number.  It  is  found  that  wire 
taken  from  various  sections  of  one  spool  mav  show  a  slightly  varying 
temperature  coefficient  of  resistance.  The  coefficient  for  constantan 
wire  (which  is  essentially  the  same  as  that  used  in  strain  gages)  may 
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vary  from  -30  to  -1-20  parts  per  million  (ppm)  per  degree  Fahrenheit. 

In  terms  of  equivalent  stress,  two  gages  having  these  extremes  of  the 
coefficient  would  indicate  420  psi  compression  and  250  psi  tension  for 
each  1°F  change  from  the  reference  temperature.  It  is  apparent  that 
production  gages  are  seldom  if  ever  found  having  these  extremes.  In  a 
tunnel  operating  at  a  stagnation  temperature  of  150°F  they  would  cause 
temperature  drifts  equivalent  to  as  much  as  60,000  psi  stress.  Refer¬ 
ences  106,  107,  and  108  present  data  on  the  change  of  resistance  with 
temperature  of  various  types  of  strain  gages,  as  determined  by  the 
Bureau  of  Standards.  These  data  indicate  large  variations  among  the 
various  types  of  gages  tested.  Reference  108  contains  data  for  gages 
that  indicate  a  maximum  difference  between  two  gages  of  0.63  ppm/®F. 
Reference  109,  published  ten  years  later  than  the  aforementioned  refer¬ 
ences,  gives  a  more  optimistic  picture. 


Development  of  new  alloys  and  new  bonding  cements  as  well  as 
improved  manufacturing  techniques  and  stepped-up  qualit',  control  are 
doing  much  to  reduce  the  temperature  errors.  The  use  of  0.001-in. 

Karma  wire  and  either  Quigley  No.  1925  (Quigley  Co.,  New  Yor'-,  N.V.) 
or  Brimor  U529  bonding  cement  (Morganite,  Inc.,  Long  Island,  N.Y.)  will 
allow  the  construction  of  a  strain  gage  with  a  temperature  coefficient 
of  resistance  of  2.5  ppm '°F  over  a  temperature  range  of  80  to  800°F. 
Reference  109  also  gives  temperature-compensation  calibration  curves 
for  nichrome-V  foil  gages  bonded  to  any  base  metal  for  which  the  thermal 
coefficient  of  expansion  is  >nown. 

In  view  of  the  random  error  in  gages,  it  is  wise  in  any  one 
application  to  use  gages  from  the  same  lot,  and  to  place  the  compensat¬ 
ing  gages  as  close  together  as  possible. 

A  second  useful  method  would  be  to  determine  the  coefficient 
of  the  gages  and  then  to  match  them  in  bridges.  This  would  require  a 
temporary  (removable)  cement  which  would  withstand  the  stagnation  tem¬ 
perature  to  which  it  must  be  subjected.  A  completely  satisfactory  one 
is  yet  to  be  found.  This  method  holds  the  best  promise  for  installa¬ 
tions  where  clearances  are  very  small  and  compensating  wire  cannot  be 
accommodated. 

The  third  possibility,  used  at  several  facilities,  consists 
of  inserting  compensating  wire  in  the  arms  of  the  (n-idge.  This  com¬ 
pensating  wire  has  a  relatively  high  temperature  drift,  and  when  the 
correct  length  is  inserted  in  the  proper  arm  it  will  counter-balance 
the  drift  of  the  gages.  This  method  requires  at  least  two  and  possibly 
three  heat  checks:  the  first  to  find  the  gage  drift,  the  second  to 
check  the  effect  of  the  compensating  wire,  and  perhaps  a  third  if  the 
first  attempt  at  correction  does  not  work.  This  method  is  simple  but 
time-consuming.  In  some  cases  there  may  be  difficulty  with  the  extra 
wire  if  the  installation  is  cramped  for  space. 

The  resistance  of  the  jumper  wires  will  increase  with  in¬ 
creasing  temperature,  and  this  factor  should  be  considered  in  wiring 
the  bridge.  There  are  essentially  three  possible  arrangements,  as 
shown  in  Fig.  3-2.  If  the  bridge  is  wired  as  shown  in  Fig.  3-2(c), 
an  output  of  from  200  to  400  psi  for  an  SO^F  change  can  result,  de¬ 
pending  on  the  jumper  length.  Substantiation  of  this  has  been  obtained 
experimentally  in  several  instances  where  jumpers  were  used  in  all  com¬ 
binations  shown,  and  these  results  were  of  the  same  order  of  magnitude 
as  predicted  theoretically. 
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Since  the  circuits  in  Fig.  3-2(b)  and  (c)  are  known  to  have 
an  error  or  temperature  drift,  it  is  more  reasonable  to  employ  the  cir¬ 
cuit  shown  in  Fig.  3-2(a).  The  jumper  lengths  should  be  the  same, 
where  practicaole.  The  unbalances,  shown  in  Fig.  3-2( b)  and  (c),  may 
Le  resorted  to  as  a  means  of  compensation  for  small-order  drifts  which 
may  occur  from  mismatched  gages  when  wired  to  give  no  jumper  error. 

The  sign  of  the  correction  can  be  made  positive  or  negative  by  proper 
wiring;  thus  it  can  be  used  to  cancel  drifts  of  about  200  to  400  psi. 

The  mechanics  of  compensation  can  be  described  (Ref.  110)  by 
referring  to  the  sketch  below. 


This  is  a  four-arm  bridge  in  which  the  strains  have  been  identified 
for  each  arm.  It  is  assumed  that  a  positive  load  on  the  member  will 
result  in  strains  as  shown.  It  can  now  be  shown  that  an  increase  in 
resistance  with  temperature  of  a  single  gage  can  result  in  either  a 
positive  or  negative  output  from  the  indicator.  If  the  bad  gage  is  in 
either  of  the  arms  marked  compression,  its  increase  in  resistance  with 
temperature  will  be  opposite  to  the  resistance  change  caused  by  the 
positive  load,  and  a  negative  output  will  result. 

Since  the  great  majority  of  gages  show  a  resistance  increase 
with  temperature,  the  direction  of  indicator  drift  can  be  used  to  de¬ 
duce  the  location  of  the  drifting  gage.  If  the  drift  is  in  the  same 
direction  as  results  from  a  positive  load  (positive  output),  the  ten¬ 
sion  gages  are  drifting.  If  a  negative  output  occurs,  the  compression 
gages  are  drifting.  This  logic  similarly  indicates  the  location  for 
the  compensating  wire. 

Both  nickel  and  copper  wire  have  positive  changes  in  resist¬ 
ance  with  increasing  temperature,  resulting  in  increased  resistance. 
Thus,  if  the  compensating  wire  is  placed  in  a  tension  arm  (or  arms),  a 
positive  indicator  drift  will  result.  Similarly,  if  it  is  placed  in 
one  or  both  of  the  compression  arms,  a  negative  indicator  drift  will 
result.  Compensation  is  merely  this  application  of  extra  wire  in  the 
bridge  to  counterbalance  the  resistance  changes  of  the  gages  with  tem¬ 
perature. 


Two  kinds  of  wire  frequently  used  for  compensating  are  nickel 
and  copper.  The  temperature  coefficient  of  resistivity  of  these  is 
0,0033  and  0.0022/®F,  respectively.  Thus,  nickel  has  an  advantage  over 
copper  in  that  it  will  give  more  resistance  change  per  inch  of  wire 
than  copper.  Similarly,  nickel  has  a  greater  resistivity  than  copper, 
and  a  given  length  of  wire  of  a  certain  gage  will  result  in  several 
times  the  resistance  change  of  a  similar  piece  of  copper  wire.  How¬ 
ever,  copper  is  easier  to  handle  and  to  solder,  and  also  is  available 
in  a  wider  variety  of  sizes,  coverings,  and  strand  combinations. 

Table  3-1  gives  a  short  summary  for  various  lengths  and  gages 
of  wire  in  terms  of  indicator  counts  (where  each  count  is  equivalent  to 
6.55  psi).  These  are  theoretical  values  and  hence  will  not  be  exact 
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for  practical  applications.  They  will  serve  only  as  a  rough  guide  and 
a  starting  place  for  eepirical  work. 

3 . 1 . 3 . 2  Teeperature  Differences  in  a  Bridge 


The  above  coepensation  technique  is  effective  only  when  the 
gages  and  coepensation  wires  are  all  at  the  same  tenperav  jre.  Any  tem¬ 
perature  difference  between  components  in  a  full  bridge  Wi 7 ’  result  in 
an  output  error.  A  slight  breeze  or  a  ray  of  sunlight  play  mg  on  any 
one  part  has  been  known  to  cause  a  worse  temperature  drift  than  that 
of  the  uncompensated  bridge. 

Care  must  be  exercised  to  maintain  all  components  of  the 
bridge  at  the  same  temperature  by  insulation  or  some  other  means.  An 
example  of  this  difficulty  was  experienced  with  an  Internal  strain- 
gage  balance  in  a  nose-inlet  ducted  model,  in  which  serious  shifts  in 
strain-gage  readings  for  alr-on  conditions  occurred  because  compensa¬ 
tion  wire  was  exposed  to  the  air  flowing  through  the  model.  The  same 
effect  was  also  noted  during  wing  hinge-moment  tests  of  the  same  mrdel. 
The  effect  is  illustrated  in  Figs;  3-3  and  3-4,  where  serious  discrep¬ 
ancies  between  right  and  left  pandl  data  are  noted  in  the  upper  curve. 
The  data  should  l>e  coincident  since  the  model  was  symmetrical.  The 
middle  curves  show  that  the  data  are  brought  into  close  agreement  by 
plugging  the  duct  so  that  no  airflow  was  possible  over  the  gages.  The 
bottom  curves  show  test  data  which  were  obtained  after  the  forward 
hinge-moment  gages  were  Insulated  and  the  model  sealed  internally  to 
reduce  air  leakage  in  the  gaged  beam  section  to  a  minimum.  The  aft 
gages  were  only  covered  with  Duco  cement,  which  may  explain  the  small 
discrepancy  between  right  and  left  panel  hinge  moments.  Subsequent 
tests  of  this  model,  in  which  all  gages  were  covered  with  Insulation, 
produced  excellent  agreement. 

Calculations  have  been  made  to  show  the  effect  of  a  1”C  tem¬ 
perature  differential;  the  resulting  error  was  found  to  be  negligible. 

It  is  believed  that  temperature  differentials  on  a  sting,  after  thermal 
equilibrium  is  attained,  during  testing  are  not  normally  large  enough 
to  introduce  appreciable  errors. 

3. 1.3. 3  Unequal  Expansion  Effects 

A  further  source  of  strain-gage  error  stems  from  the  fact 
that  the  thermal  coefficients  of  expansion  of  the  strain-gage  wire  is 
different  from  that  of  the  member  to  which  it  is  bonded.  If  a  gage 
were  constructed  completely  free  of  temperature  errors  when  bonded  to 
steel,  it  would  be  greatly  in  error  if  it  were  bonded  to  some  other 
metal  having  a  different  coefficient  of  expansion.  Compensating  gages 
reading  equal  strains  but  in  opposite  directions  will  also  compensate 
for  this  expansion  error.  Standard  self-temperature-compensated  gages 
are  made  for  bonding  on  specific  surfaces  and  are  available  for  annealed 
mild  steel,  quartz,  titanium,  and  duraluminum.  Any  other  surface  would 
require  a  custom-made  gage.  Since  the  coefficient  of  linear  expansion 
of  quartz  is  nearly  zero,  gages  which  are  temperature  compensated  for 
this  material  are  frequently  used  in  determining  the  coefficient  of  ex¬ 
pansion  of  other  materials. 
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3. 1.3. 4  Error  Due  to  Gage  Factor  Mlseatch  lithln  a  Bridge 

Strain  gages  supplied  by  the  manufacturer  have  their  gage 
factor  specified  with  a  tolerance  of  ;  lj6.  It  is  generally  accepted 
that  most  gages  actually  vary  less  than  1^  and  are  appreciably  more 
accurate  than  guaranteed.  However,  the  maximum  error  which  might  oc¬ 
cur  has  been  computed  using  the  +  1^  figure. 

As  noted  previously,  there  are  two  changes  in  gage  resistance 
which  are  caused  by  temperature  changes.  The  first  effect  is  the  tem¬ 
perature  coefficient  of  resistivity  which  is  a  random  effect  that  may 
be  considered  as  Independent  of  the  gage  factor.  The  second  effect  is 
the  difference  in  linear  expansion  between  the  gage  and  the  member  on 
which  it  is  mounted.  This  latter  effect  is  one  in  which  the  gage  fac¬ 
tor  is  significant. 

Assuming  a  homogeneous  metal  member,  the  differential  expan¬ 
sion  will  induce  the  same  strain  in  all  four  gages  of  a  full  bridge. 

The  resistance  change  in  any  individual  gage  will  be  its  gage  factor 
times  the  strain  times  the  gage  resistance.  Since  each  gage  has  the 
same  strain  and  resistance,  the  resistance  changes  will  be  different 
in  each  arm  of  the  bridge  if  the  gage  factors  are  different.  The  maxi¬ 
mum  output  which  can  result  from  a  gage  factor  mismatch  is  computed  to 
be  about  100  psi.  It  is  therefore  desirable  to  match  gages  for  gage 
factor,  but  a  mismatch  of  0.01  or  0.02  is  probably  acceptable  as  long 
as  the  resistance  and  lot  numbers  are  the  same. 


3 . 1 . 3 . 5  Error  Due  to  Strain-Gage  Creep 

Experiments  (Ref.  Ill)  have  shown  that  if  a  test  element  in¬ 
strumented  with  bonded  strain  gages  is  subjected  to  a  load  suddenly 
applied,  the  strain-gage  bridge  output  decreases  with  time  from  an 
initial  value.  The  rate  of  decrease  is  relatively  large  for  the  first 
few  seconds  and  decreases  thereafter  so  that  the  output  approaches  a 
constant  value  as  an  asymptote.  This  phenomenon  is  known  as  creep  ef¬ 
fect.  The  magnitude  of  the  total  change  with  time  has  been  found  to 
be  approximately  proportional  to  the  unit  strain  of  the  material  to 
which  the  gage  is  bonded  when  subjected  to  the  applied  load.  Typical 
creep  curves  are  plotted  in  Fig.  3-5. 

The  creep  effect  is  apparently  the  result  of  a  partial  re¬ 
laxation  of  the  bonding  material,  such  relaxation  occurring  as  a 
plastic  type  of  flow.  Generally  speaking,  the  amount  of  creep  will 
be  greater  for  the  cases  in  which  the  ratio  of  gage  length  to  cement 
thickness  is  sivnll,  and  smaller  for  cases  in  which  this  ratio  is  large. 
The  typical  curves  shown  in  Fig.  3-5  indicate  that  there  is  a  very 
large  difference  in  the  creep  effect  between  paper-backed  gages  and 
bakelite  gages.  Since  no  methods  have  yet  been  discovered  by  which 
the  creep  effect  can  be  reduced  or  completely  eliminated,  the  use  of 
paper-backed  gages  for  instrumentation  purposes  where  accuracies  with¬ 
in  1^  are  desired  is  not  recommended.  Also,  in  consideration  of  this 
effect,  investigations  with  regard  to  other  factors  have  been  concerned 
primarily  with  bakelite  gages. 

The  use  of  plastic  bags  over  strain-gage  beams,  with  vacuum 
drawn  on  the  bag  and  pressure  applied  external  to  the  bag  during  the 
curing  process,  has  been  of  great  help  in  diminishing  the  creep  problem. 
It  also  facilitates  easy  alignment  of  strain  gages  on  the  beams.  The 
entire  element  may  i.e  placed  inside  a  transparent  plastic  tag.  The  bag 
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is  then  evacuated  and  collapsed  to  the  surface  of  the  element,  thus 
holding  the  gages  in  place  under  approximately  atmospheric  pressure. 
Since  the  bag  is  transparent  and  pliable  it  is  possible  to  make  a  final 
check  on  gage  location  and,  if  necessary,  to  make  adjustments  with  the 
clamping  pressure  applied. 

The  instrumented  element  is  then  placed  in  an  oven  for  a  cur¬ 
ing  process.  A  special  oven  which  may  be  pressurized  to  100  lb  psi  is 
used  in  conjunction  with  the  evacuated  bag  in  order  to  provide  high 
uniform  pressures  during  the  baking  cycle.  The  primary  factor  in  a 
baking  or  curing  cycle  is  to  avoid  gassing  of  the  bakelite  cement  and 
consequent  formation  of  bubbles.  Such  bubbles,  it  has  been  found,  not 
only  affect  the  thermal  response  characteristics  of  the  gage  but  also 
promote  the  formation  of  fatigue  cracks,  with  ultimate  destruction  of 
the  gage  bond.  A  satisfactory  cycle  consists  of  baking  at  150“F  for 
two  hours,  followed  by  200“F  for  two  hours,  followed  by  250“F  for  two 
hours,  followed  by  300"F  for  one  hour. 

It  has  also  been  noted  that  gage  stability  is  improved  by 
cycling  the  gage  to  its  maximum  load  several  times.  This  stability  is 
lost  if  the  gage  is  left  without  load  for  a  few  days  or  if  the  sign  of 
the  load  is  reversed.  Creep  in  the  foil-type  strain  gage  may  be  re¬ 
duced  by  using  an  end  loop  much  wider  than  the  grid  line  Itself. 


3.1.4  Strain-Gage  Use  at  High  Temperatures 


The  use  of  hypersonic  wind  tunnels  having  tempe  rtures  up  to 
1f)00®F  brings  new  problems  in  strain-gage  measurements.  Heretofore, 
strain  gages  were  commercially  manufactured  for  use  up  to  about  250®F, 
but  recently  a  great  deal  of  work  has  been  done  to  produce  gages  with 
stable  characteristics  up  to  2000®F.  A  great  deal  of  information  on 
high  temperature  operation  and  research  is  to  be  found  in  Refs.  109, 
112,  and  113,  as  well  as  in  the  current  bulletins  issued  by  the  manu¬ 
facturers  listed  in  Subsec.  3.1.  It  should  be  noted  that  the  state  of 
the  art  is  advancing  rapidly,  and  therefore  the  material  presented  at 
this  time  (i.e.,  in  1960)  may  quickly  grow  obsolete.  Current  research 
is  being  concerned  with  new  methods  of  bonding,  particularly  with  ce¬ 
ramic  bonding  and  also  with  the  production  of  new  alloys  whose  tempera¬ 
ture  characteristics  are  stable  enough  to  allow  calibration. 

One  practical  way  (Fig.  3-6)  of  using  available  bakelite 
gages  and  bonding  techniques  has  been  tried  successfully  at  1000®F  on 
a  3/8-in.  diameter  strain-gage  balance  mounted  inside  a  closed-nose 
bod'  of  revolution  (Ref.  114).  Cooling  water  was  passed  through  the 
entire  length  of  the  balance  and  the  model  nose  at  the  rate  of  about 
one-half  gallon  per  minute,  and  satisfactory  measurements  (Fig.  3-7) 
were  made  despite  the  high  temperature  of  the  air  passing  over  the 
model  (see  also  Ref.  115  for  more  details).  This  technique  would  prob¬ 
ably  fail  if  the  hot  air  passed  directly  over  the  gages,  as  it  would 
in  the  ducted  model. 


3.2  Design  of  Conventional  Strain-Gage  Balances 

A  general  method  for  the  measurement  of  stability,  control, 
and  drag  parameters  of  supersonic  wind-tunnel  models  as  well  as  several 
variations  of  the  basic  method  are  presented  in  Ref.  116.  The  systems 
described,  when, properly  tailored  to  the  load  ranges  of  the  model  under 
test,  have  proved  very  reliable  and  can  be  installed  and  operated  at 
reasonable  cost  by  relatively  inexperienced  personnel. 
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The  I'equirements  of  wind-tunnel  testing  call  for  a  balance 
system  capable  of  accurately  measuring  the  force  and  moment  components 
associated  with  static  longitudinal  and  lateral  stability  and  control 
of  a  model,  (The  axial  force,  or  drag,  is  usually  required  as  well. 
However,  since  its  measurement  is  somewhat  unique,  a  detailed  discus¬ 
sion  is  needed.  This  appears  in  Subsec.  3.2.6.)  The  problem  is  often 
complicated  in  supersonic  testing  by  the  requirement  that  the  model  be 
mounted  on  a  relatively  long  and  slender  sting  protruding  from  the  aft 
end  of  the  model  to  eliminate  the  interference  usually  associated  with 
side-mounted  models.  This  means  that  the  moment  reference  point  of 
the  model  may  have  an  appreciable  movement  due  to  structural  deflection 
of  the  model  support  system.  Therefore,  when  a  balance  system  external 
to  the  model  is  used,  suitable  moment  transfers  must  be  applied  to  ac¬ 
count  for  the  fact  that  the  moment  reference  point  of  the  model  is  not 
fixed  relative  to  the  balance. 

When  a  sting  mounting  is  used  in  conjunction  with  an  external 
balance,  either  some  means  of  evaluating  the  tare  due  to  air  loads  on 
the  exposed  sting  must  be  provided  or  a  windshield  must  be  used.  The 
evaluation  of  tare  forces  by  methods  such  as  images  or  split  stings  is 
tedious:  but  these  forces  can  be  a  major  factor  in  the  accuracy  of  the 
data.  Windshields  are  objectionable  because  they  must  be  larger  than 
the  bare  sting  and  because  they  increase  the  possibility  of  aerodynamic 
interference  between  the  support  system  and  the  model. 

The  pro!  lems  of  movement  of  the  moment  reference  and  aerody¬ 
namic  tares  can  be  avoided  cy  using  a  balance  system  internal  to  the 
model:  this  system  is  preferred  by  a  vast  majority  of  users.  To  be  of 
practical  value  an  internal  balance  must  offer: 

1.  Adaptal.  i  lity  to  a  variety  of  model  configurations,  generally 
with  very  severe  restrictions  on  available  space  inside  the 
model . 

2.  Accuracy  over  widely  varying  load  ranges. 

3.  Reasonai ly  direct  indication  of  the  forces  and  moments  acting 
on  the  model  for  ease  of  data  reduction. 

4.  Relatively  simple,  yet  fast  installation  in  the  wind  tunnel. 

5.  Ruggedness  enough  to  withstand  normal  handling  with  minimum 
maintenance. 

In  order  to  satisfy  the  first  two  requirements,  it  is  often 
preferable  to  tailor  the  balance  to  fit  each  specific  model  rather 
than  to  use  standard  balances;  and  in  cases  where  a  model  is  to  be 
tested  over  a  large  range  of  velocities  and/or  densities,  it  may  be 
desiral le  to  provide  several  balances  having  different  load  ranges  in 
order  to  obtain  higher  accuracy.  Thus  it  becomes  advantageous  to  have 
a  balance  that  is  relatively  inexpensive  and  easy  to  construct.  In 
large  wind  tunnels,  where  the  test-section  dimensions  are  measured  in 
feet  instead  of  inches,  models  are  large  enough  to  allow  the  use  of 
one  or  more  standardized,  six-component,  internal  balances  in  most  of 
the  loi-ee  models  tested.  Because  most  readers  are  probab-ly  concerned 
with  srrallei'  wind  luir.els,  most  of  the  discussion  will  be  directed  to 

;  j.i.  :1s;  i;  the  tojmments  apply  equally  well  to  large  wind 

'u.i.,-  1-..  v.ueh  ..a  .:a  wrilfen  alout  strain-gage  balances;  the  reader 

1 ;  .  ably  iiiected  to  Refs.  114  and  117  to  122. 
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Important  factors  in  the  selection  of  an  Internal  balance, 
where  space  is  limited,  are  the  number  of  electrical  leads  required 
and  the  number  and  arrangement  of  the  strain  gages. 

3.2.1  Basic  Two-Moment  Strain-Gage  System 


^5/ 


The  simplest  of  strain-gage  measuring  systems  consists  of  a 
beam  extending  into  the  base  of  the  model,  as  shown  in  Fig.  3-8,  on 
which  resistance-wire  gages  are  mounted  to  measure  the  bending  moment 
at  two  points.  Each  moment  bridge  is  wired  as  shown  in  Fig.  3-9. 

From  the  moment  diagram  in  Fig.  3-8,  it  is  apparent  that  the  normal  ^ 

force,  N,  is  ’  * 


N  = 


(3-14) 


and  the  pitching  moment,  H^,  at  the  center  of  gravity  is 


o 


M 


a 


Nx. 


“a) 


(3-15) 


Strain  gages  mounted  on  the  beam  at  90  deg  to  a  and  b  measure  the  side 
force,  Y,  and  the  yawing  moment,  H^. 


Since  the  voltage  output  of  the  bridge  is  measured  in  terms 

of  ^  (note  change  in  nomenclature  to  allow  use  of  E  =  modulus  of  elas- 
o 

tlcity),  Eqs.  3-14  and  3-15  can  be  written, 


(3-16) 


(3-17) 

where  G  Is  the  gage  fa.;tor,  which,  from  Eq.  3-1,  may  be  written 


N  =  -L-f  _ L.  (^\ 


"o  = 


(1  +  — ) 

X 
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To  measure  all  four  forces  and  moments,  a  total  of  16  strain  • 

gages  and  10  electrical  leads  would  be  required,  assuming  four  active 
gages  are  used  per  bridge  and  a  common  power  supply  is  used  for  all 
bridges.  If  separate  power  were  used  for  each  bridge,  a  total  of  16 
electrical  leads  would  be  required.  If  space  is  extremely  limited  and 
opera’ ing  temperatures  are  not  too  high  or  too  low,  a  bridge  having 
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only  two  active  gages  (coanonly  referred  to  as  a  half-bridge)  could 
be  used,  in  which  case  only  8  strain  gages  and  6  electrical  leads 
would  be  required.  The  use  of  a  full  bridge  is  reconnended  wherever 
possible  since  the  full  bridge  has  better  accuracy,  less  tenperature 
effect,  and  greater  stability. 


Most  strain-gage  installations  are  merely  variations  of  this 
basic  system. 

3.3.2  Direct  Measurement  of  Mormal  Force 

A  bridge  circuit  such  as  shown  in  Fig.  3-10  has  been  used 
successfully  to  obtain  a  single  reading  proportional  to  the  normal 
force.  In  this  case,  a  differential  circuit  is  used  instead  of  the 
standard  strain-gage  bridge  generally  used  for  moments  in  which  all 
gage  outputs  are  additive. 

From  basic  strain-gage  considerations. 


AL  _  .  _  Me 
TT  ■  ®  -  El 


(3-18) 


where 


M  =  moment 

E  =  modulus  of  elasticity 


^  =  section  modulus 


•  • 


Thus,  Eq.  3-1  becomes 


For  a  half-bridge,  Eq.  3-6  gives, 
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and  these  equations  combine  to  give 
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Physically,  a  represents  the  gage  sensitivity  for  a  half 
bridge.  For  a  full  bridge  connected  differentially  as  shown  in 
Fig.  3-10,  the  net  voltage  output  is  the  difference  of  the  outputs  of 
the  two  ha If- bridges. 


(^) 


(3-21) 
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Considering  the  soaent  dlagraa  of  Fig.  3-8  and  Eqs.  3-14  and 


H  -  M 

■b  1 


Then,  if 


a  b 


(3-23) 


(3-24) 


Therefore,  if  Eq.  3-23  is  satisfied,  the  normal  force  is  a 
direct  function  of  the  voltage  output  of  the  combined  bridge.  The  con¬ 
dition  may  be  stated  as 


“a  _  S  ®b  (*A)b  (Wa  _  , 


(3-25) 


The  sensitivity  of  the  combined  bridge  can  be  expressed  as 


_  X  ®a 

*“a  ^  Ej^ 


e.(^) 


(3-26) 


It  is  evident  that  by  proper  manipulation  of  the  ratios  of 
gage  factor  (G^^/Gjj),  modulus  of  elasticity  (Ej/^a)!  section  modulus 

( I/c)b/(I/c)a»  8*86  voltage  (Vq/V^)j^/(V^V^j)^,  the  conditions  of 

Eq.  3-25  can  be  met.  Each  of  these  factors  is  discussed  below. 


139 


3. a. a 


NAVORO  Report  1488  (Vol.  6,  Sec.  80) 


Gage  Factor. — Comerclally  available  strain  gages  range  in 
gage  factor  (see  Subsec.  3.1)  from  1.75  to  3.5,  giving  a  possible  ratio 
of  two.  However,  care  should  be  exercised  if  gages  having  the  higher 
gage  factor  are  selected  since  these  gages  say  have  undesirable  tespera- 
ture  effects  (see  Subsec.  3.1). 

Modulus  of  Elasticity. — It  would  be  possible,  although  per¬ 
haps  not  practical,  to  use  a  beas  of  coaposite  material  in  which,  for 
instance,  the  portion  under  gages  "a"  was  dural  and  the  portion  under 
gages  "b"  was  steel.  This  would  produce  a  value  of  this  ratio  of  about 
three. 


Section  Modulus. — This,  an  easily  varied  parameter,  is  merely 
a  function  of  the  size  and  shape  of  the  beam  used.  In  general  it  is 
limited  only  by  strength  and  rigidity  considerations  of  the  design. 

Gage  Voltage. — This  is  another,  rather  easily  varied  param¬ 
eter  which  can  be  varied  by  the  method  shown  in  Fig.  3-11  by  inserting 
appropriate  resistances  at  either  R^^  and  R^  or  R^  and  RJ^.  Gages  for 

which  the  gage  voltage  ratio  was  changed  as  much  as  15^  to  20^  by  at¬ 
taching  matched  lengths  of  fine  constantan  wire  in  series  with  the 
gages  in  one  half  of  the  bridge  circuit  have  been  used  successfully. 

For  large  changes  in  the  gage  voltage  ratio,  a  voltage  reducing  network 
is  recommended. 


3.2.3  Use  of  Composite  Bridge 

In  order  to  obtain  a  four-component  balance  having  the  fewest 
possible  number  of  gages  and  leads  while  still  retaining  the  desirable 
characteristics  achieved  with  full  strain-gage  bridges,  the  composite 
bridge  shown  in  Fig.  3-11  can  be  used. 

In  this  system.  Gages  1,  2,  5,  and  6  make  up  a  direct-reading 
normal-force  bridge  with  either  R^  and  R^  or  Rj^  and  RJ^  inserted  as  re¬ 
quired  for  compensation.  At  the  same  time  Gages  1,  2,  3,  and  4  form  a 
bridge  which  indicates  the  moment  in  the  beam  at  a  point  approximatel> 
half  way  between  Gages  1  and  2,  and  Gages  3  and  4.  Since  R  and  R'  are 

either  zero  or  of  small  magnitude,  their  effect  on  the  sensitivity  of 
the  moment -measuring  bridge  is  generally  negligible. 

Since  the  moment  must  be  analytically  transferred  to  the  mo¬ 
ment  reference  point,  it  is  advantageous  to  place  the  moment-measuring 
bridge  as  close  to  the  moment  reference  point  as  possible  in  order  to 
reduce  the  transfer  distance,  thus  reducing  the  resulting  errors  in  the 
moment . 


Care  must  be  exercised  in  the  selection  of  the  indicating 
system  used  with  this  composite  bridge  to  avoid  interaction  between 
the  normal  force  and  moment  outputs.  If  a  single  indicator  is  to  be 
switched  from  bridge  to  bridge,  no  problem  should  be  encountered  as 
long  as  the  zero-balance  networks  commonly  used  are  properly  located. 
Simultaneous  recording  of  moment  and  normal  force  has  been  successfully 
accomplished  with  automatic  null-balancing  systems  and  can  be  done  with 
Brown  electronic  potentiometers  or  other  similar  instruments  as  long  as 
sufficient  damping  is  present  to  prevent  the  indicators  from  "hunting" 
due  to  their  mutual  interaction. 
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Froa  practical  considerations  the  direct  normal  force  or  con- 
posite  bridge  types  are  normally  avoided,  unless  it  is  necessary  to 
measure  dynamic  forces  such  as  those  Imposed  during  starting  or  stop¬ 
ping  of  a  supersonic  tunnel  or  unless  it  Is  necessary  to  reduce  data  by 
band  methods  to  coefficient  form.  When  high-speed,  digital,  data- 
processlng  equipment  is  available,  it  is  much  more  practical  to  use  the 
operationally  more  simple,  two-moment  system. 

3,2.4  Design  Considerations  for  Strain-Gage  Balances 

In  the  design  of  beans  used  in  the  foregoing  systems,  it  is 
generally  assumed  that  the  maximum  stress  under  any  gage  should  not  ex¬ 
ceed  30,000  psi  for  steel  (although  stresses  up  to  75,000  psl  have  been 
used  under  certain  conditions) .  With  the  maximum  stress  set  and  the 
design  loads  determined,  the  analysis  of  the  beam  then  reduces  to  a 
natter  of  obtaining  the  maximum  sensitivity  of  each  component  in  the 
space  available. 

The  optimum  placement  of  the  bridges  can  be  approached  in  a 
logical  manner.  Consider  the  simple  strain-gage  system  shown  in 
Fig.  3-12,  which  measures  the  magnitude,  F,  and  the  location,  Y,  of 
the  unknown  force.  Then 


and 


giving 


and 


Mj  =  FY 

M2  =  F(Y  -  X) 


M^g  =  “2  -  Z)  =  -  FZ 


(3-27) 


Now  assume  that  an  instrumentation  error  exists  in  the  measurement  of 
and  H2  of  magnitude  and  €2,  respectively,  such  that  the  indicated, 

M,  and  the  true  values  of  the  moments  are  related  as  follows; 


where 


Ml  =  Ml  +  €1 


“2  =  •'2  "  ^2 


l«ll  =  l"l  maxi  ’  1^21  =  1^2  maxi 


(3-28) 


(3-29) 
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The  indicated  force  le 


« 


(Mj  +  tj)  -  (Mj  +  tj) 

- i - 


r  + 


‘l  ‘2 

T*  ■  T 


(3-30)  • 


and  the  error  is 


« 


(3-31) 


By  inspection,  the  eaxieue  error,  E,  in  the  force,  F,  occurs  when 


=  € 


1  sax 


=  -  € 


2  eax 


or 


*  1  ”  *  1  max  ’  *  2  *  2  max 


(3-32) 


Conversely,  no  error  in  the  force,  F,  occurs  when 


^1 


(3-33) 


« 


If  6,  _  and  €«  _  remain  constant  and  independent  of  the 

I  miLX  4  nftx 

magnitude  of  the  moments  and  M2,  respectively,  then  the  maximum 

error,  E,  in  the  force,  F,  would  be  Independent  of  Y  for  any  given 
value  of  X,  and  E  could  be  diminished  by  making  X  very  large.  How¬ 
ever,  practice  shows  that  6  is  directly  proportional  to  the  magnitude, 
M,  of  the  corresponding  moment.  Hence,  equal  errors  and  62  '*ould 

be  most  likely  to  occur  when  M^  =  M2  (l.e.,  when  Y  l.e.,  when  the 

gages  are  equally  distant  on  opposite  sides  of  the  center  of  pressure). 
The  magnitude  of  X  is  proportional  to  l/c,  and  hence  X  is  limited  by 
practical  values  of  l/c  for  the  maximum  expected  moments. 


Actually  the  desired  moment  accuracy  at  the  reference  point 
(i.e.,  the  center  of  gravity)  places  more  stringent  limitations  on  the 
bridge  locations  than  do  force  considerations.  Referring  to  the  lower 
part  of  Fig.  3-12,  it  may  be  seen  that  if  Z  is  greater  than  X,  M  can 

Cg 

take  values  a  through  e,  of  which  only  c  is  the  correct  moment 
(i.e.,  Cj  ~^2  ~  obvious  that  the  error  in  the  moment  at 

the  center  of  gravity  would  be  a  minimum  for 


« 


Z  =  1 

X  1 


^1  max  *  2  max 


(3-34) 
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or 


if 


1  MX 


»  e 


2  aax 


(3-35) 


In  practice,  the  bridges  can  rarely  be  located  In  such  a 
■anner  as  to  alnlalze  errors  In  force  and  aoaent  slaultaneously. 
Therefore,  prlury  importance  should  be  given  to  ainiaizing  the  aoaent 
■errors . 


In  the  practical  problem  of  gage  location,  such  factors  as 
ainiaua  size  of  bean  for  gage  application,  uncertainty  or  novenent  of 
the  center  of  pressure,  and  rigidity  of  the  model  support  system  must 
be  considered  and  conpronised  with  gage  sensitivity. 

The  problem  of  providing  an  easy  and  rapid  method  of  instal¬ 
lation  in  the  wind  tunnel  can  be  solved  by  the  use  of  a  precision- 
ground  taper  Joint  as  shomn  in  Figs.  3-13  and  3-14.  This  Joint  incor¬ 
porates  a  17-pin  Cannon  plug  which  is  automatically  mated  as  the  taper 
is  seated.  In  addition,  one  pressure  connection  for  the  measurement 
of  base  or  cavity  pressure  has  been  incorporated  as  shown  in  Figs.  3-15 
and  3-16.  This  pressure  connection  is  accomplished  by  means  of  a  spe¬ 
cially  designed  spring-loaded  probe. 

Typical  internal  strain-gage  balances  designed  in  accordance 
with  this  concept  are  shown  in  Fig.  3-17. 

3. 2. 4.1  Materials  (Ref.  123) 

Although  steel  is  generally  used  for  the  manufacture  of  most 
strain-gage  balances  because  it  lends  Itself  readily  to  machining  and 
grinding  operations,  can  be  heat  treated,  and  has  high  strength  and 
toughness  properties  (6150  steel  heat-treated  to  Rockwell  C35-37  is  a 
good  example),  the  singular  properties  of  other  metals  can  occasionally 
be  used  to  advantage.  For  example,  the  high  thermal  conductivity, 
machinabillty,  and  mass-inertia  characteristics  of  aluminum  might  have 
some  advantages  over  steel  in  some  balance  applications.  Constants 
for  elastic  solids  and  the  conventional  stress-strain  relations  may  be 
used  to  design  aluminum  beams  with  performance  characteristics  having 
the  same  reliability  as  steel  beams. 

An  Internal  balance  may  be  represented  by  a  cantilever  bean 
of  length  L,  with  a  concentrated  load,  P,  at  the  end.  The  deflection, 
y,  of  the  end  of  the  beam  is  then  given  by 


y  =  PlVseI 


(3-36) 


where,  in  consistent  units, 


E  =  modulus  of  elasticity 


I  =  section  moment  of  inertia 


4 
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This  expression  holds  for  all  hoeogeneous  beams  regardless  of  section 
geometry.  Since  the  modulus  of  elasticity  of  steel  is  approximately 
three  times  that  of  aluminum,  an  aluminum  beam  will  need  a  moment  of 
inertia  three  times  that  of  steel  if  it  is  desired  that  both  beams  be 
of  equivalent  strain  (or  deflection).  On  this  basis,  a  square  aluminum 

beam  will  be  1.316  times  as  thick  as  the  equivalent-strain  steel  beam  # 

4 

(I  =  X  /12) .  By  using  the  stress  relationship  given  in  Eq.  3-18, 


s  =  Mc/I  (3-37) 


it  can  be  shown  that  fiber  stress  in  aluminum  will  be  0.439  times  that 
in  the  strain-equivalent  steel  beams. 

In  summary,  strain-equivalent  and  stress-equivalent  beans  of 
4  aluminum  have  the  following  relationships  to  steel  beams  (where  steel 

parameters  are  considered  unity  in  all  cases) : 


8 


8 


An  experimental  check  of  these  theoretical  figpjres  was  made 
using  SAE  4130  steel  and  24S-T3  aluminum  alloy.  The  average  deflection 
ratio  for  the  stress-equivalent  beams  was  2.8  (instead  of  3.0)  in  both 
planes,  and  the  average  deflection  ratio  for  the  strain-equivalent  b^sms 
was  1.0  in  both  planes.  These  values  are  in  reasonable  agreement  with 
the  theoretical  predictions  in  view  of  the  fact  that  the  modulus  of 
elasticity  may  vary  somewhat  for  a  given  material,  depending  on  its  com¬ 
position  and  hardening  process. 


Aluminum 

Beam 

Parameter 

Strain-Equivalent 

St  r ess-Equ i va 1 ent 

Local  Bending  Moment 

1.000 

1.000 

Section  Dimensions 

1.316 

1.000 

Cross-Section  Area 

1.732 

1.000 

Local  Surface  Stress 

0.439 

1.000 

Unit  Deformation 

1.000 

3.000 

3 . 2 . 4 . 2  Effect  of  Section  Size  and  Indicator  Sensitivity  on  Repeat¬ 
ability 

•  • 

The  repeatability  of  strain-gage  measurements  is  a  factor  of 
importance  to  the  experimenter.  He  must  be  assured  that  the  indicator 
of  any  system  will  always  show  a  value  proportional  to  the  stress  ap¬ 
plied  to  the  gage  and  not  be  affected  by  the  manner  cT  application. 

Referring  to  Eq.  3-37  the  stress  is  a  function  of  the  moment  and  the 
section  modulus.  In  order  to  give  repeatable  measurements,  the  system 
8  should  be  insensitive  to  the  variations  in  the  factors  that  make  up  the  • 

stress  and  should  be  affected  only  by  changes  in  the  product. 


8 


•  • 


•  • 


8  • 
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An  analjraia  of  a  large  number  of  data  points  taken  in  the 
sane  tunnel  where  all  other  test  paraseters  were  controlled  have  shown 
that : 

1.  The  section  sodulus  (or  sise)  has  very  little  effect  on  the 
data  repeatability  in  the  norsal  range  of  stresses  for  which 
the  systes  is  designed.  Increasing  the  stress  level  above 
the  norsal  range  Increases  the  scatter  in  the  data  in  rough 
proportion  to  the  stress  increase. 

2.  The  repeatability  of  data  in  terms  of  moment  in  inch-pounds 
is  a  linear  function  of  the  Internal- ha la nee  section  modulus 
at  the  bridge  station. 

3.  Increasing  the  indicator  sensitivity  gives  a  proportional  in¬ 
crease  in  the  repeatability  of  the  data  in  terns  of  moment. 


3. 2. 4. 3  Mount ing  the  Model  on  the  Internal  Balance 

Since  the  model  may  be  removed  from  the  internal  (ialance 
several  times  during  calibration  and  test,  it  is  essential  -hat  it  be 
re-attached  to  the  balance  with  great  accuracy  in  order  to  assure  that 
the  distance  between  the  electrical  centers  of  the  strain-gage  bridges 
and  the  moment  reference  remains  constant.  This  can  be  accoiipllshed 
most  conveniently  by  grinding  a  shallow  (2  or  3-deg)  taper  on  the  bal¬ 
ance  end  as  shown  in  Figs.  3-13  and  3-14,  and  by  fitting  it  to  a  mating 
female  taper  in  the  model.  Experience  has  shown  that  the  model  can  be 
replaced  repeatedly  on  the  balance  within  an  accuracy  of  +  0.002  in., 
which  is  as  close  as  it  is  possible  to  establish  the  location  of  the 
gage  by  experimental  calibration  techniques. 


The  model  can  be  oriented  in  roll  on  the  balance  by  using  a 
height  gage.  The  internal  balance  is  positioned  on  its  support  in  the 
tunnel,  the  power  hooked  up  to  the  gages,  and  a  weight  hung  on  the  end 
of  the  balance.  The  balance  is  then  rotated  until  the  output  from  the 
side-moment  bridge  which  was  zeroed  during  the  calibration  returns  to 
zero.  Next,  the  model  is  rotated  until  two  opposing  wing  or  tail  sur¬ 
faces  are  level,  at  which  time  the  taper  is  pulled  tight.  After  the 
angle  of  attack  is  zeroed,  perhaps  also  with  a  height  gage,  the  model 
is  then  ready  for  testing. 


3.2.5  Rolling  Moment  Measurement 


In  addition  to  the  pitching  and  yawing  moments,  one  other 
moment  is  needed  to  define  completely  all  of  the  moments  acting  on  the 
model  in  the  wind  tunnel.  This  is  the  rolling  moment  about  the  longi¬ 
tudinal  axis.  Unlike  the  other  two  moments,  which  must  be  measured  in¬ 
ternally  at  or  near  the  moment  reference  pv  to  avoid  errors  induced 
by  the  mathematics  of  transferring  to  some  e  position,  the  rolling 

moment  can  be  measured  either  externally  or  ernally  without  loss  of 
accuracy. 


Although  it  is  possible  to  mount  a  strain-gage  bridge  with 
the  gage  axes  at  45  deg  to  the  longitudinal  axis  of  an  Internal  balance 


S.2.5 
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without  changlog  the  cross  section  of  the  sember,  the  bens  is  usually 
far  too  stiff  in  torsion  to  give  the  desired  sensitivity.  The  section 
say  be  machined  to  sose  crucifors  section  as  shown  below. 


« 


« 


D 


« 


« 


I 


« 


< 


« 


« 


It  is  obvious  that  this  arrangesent  will  weaken  the  internal 
balance  and  will  allow  it  to  bend  more  on  application  of  a  normal  force 
or  side  force;  consequently,  the  cruciform  section  should  be  located 
at  or  near  the  anticipated  center  of  pressure  of  such  forces.  If  it 
is  located  at  some  distance  from  the  center  of  pressure,  the  internal 
balance  will  deflect  excessively  and  cause  binding  between  the  model 
base  and  the  Internal  balance  even  under  moderate  loads.  The  major  ad¬ 
vantages  of  the  cruciform  rolling  moment  section  are  its  compactness, 
ease  of  manufacture,  and  the  simplicity  of  mounting  and  wiring  the 
strain-gage  bridge.  The  bridge  can  be  wired  in  such  a  manner  that  in¬ 
teraction  effects  of  loads  applied  normal  to  the  longitudinal  axis  can 
be  minimized.  For  example,  when  a  pure  torsion  moment  is  applied. 

Gages  1  and  3  are  in  compression  when  2  and  4  are  in  tension,  thus  mag¬ 
nifying  the  bridge  output.  On  the  other  hand,  a  pitching  moment  in¬ 
duced  by  the  normal  force  puts  Gages  1  and  4  in  tension  and  Gages  3 
and  2  in  compression,  with  no  resulting  output  from  the  bridge.  Simi¬ 
larly,  a  yawing  moment  would  be  cancelled  out.  In  reality,  it  is  im¬ 
possible  to  construct  such  a  device  so  that  it  is  entirely  free  of  in¬ 
teraction  (see  Subsec.  3.2.8). 

Some  of  the  disadvantages  of  the  internal  method  are  that  it 
Increases  the  complexity  of  the  internal  balance,  increases  flexibility, 
and  makes  it  virtually  necessary  to  tailor  individual  Internal  balances 
for  each  model. 

These  disadvantages  can  be  avoided  by  measuring  the  rolling 
moment  external  to  the  model.  As  shown  in  Fig.  3-18,  the  four-component 
Internal  balance  taper  fits  into  a  shaft  which  is  mounted  on  ball  bear¬ 
ings  and  restrained  in  roll  by  a  cantilever  on  which  the  strain-gage 
bridge  is  mounted.  The  unique  advantage  of  this  system  is  that  a  small 
d-c  motor  driving  through  a  worm  and  gear  attached  to  the  other  end  of 
the  rolling  moment  cantilever  provides  a  simple  way  for  remotely  driv¬ 
ing  the  model  to  any  desired  roll  attitude  without  shutting  down  the 
tunnel.  (Note:  A  slide  wire  or  selsyn  system  should  be  provided  ahead 
of  the  roll  cantilever.  Instead  of  behind  as  shown  in  Fig.  3-18,  to 
provide  external  indication  of  roll  position.)  This  particular  balance 
support  restrains  the  shaft  from  axial  movement  by  means  of  a  second 
cantilever  similar  to  that  used  to  measure  rolling  moment.  These  two 
cantilevers  are  easily  replaced  to  allow  for  the  different  loads  which 
are  anticipated  from  a  wide  variety  of  models  or  from  variation  of  the 
dynamic  pressure.  To  minimize  friction,  the  outer  shell  and  shaft  act 
as  the  outer  and  inner  races  of  the  ball  bearings  which  are  held  in 
place  by  a  brass  cylinder  with  holes  evenly  spaced  around  the  periphery 
of  the  shaft.  These  cylindrical  bearing  retainers  are  free  to  float  up 


« 
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against  the  aacbined  shoulders  at  the  ends  of  the  shaft.  To  ■iniaize 
the  resulting  friction,  three  piano  wire  springs  are  soldered  to  the 
ends  of  the  bearing  retainers  in  order  to  hold  the  retainer  away  from 
the  shoulders.  The  shaft  and  balance  support  case  must  be  hardened 
steel  (6150,  Rockwell  C-57) .  Low-friction  bearings  mounted  on  the 
ends  of  the  cantilever  beans  and  fitted  with  very  close  tolerances  in 
the  forked  nenbers  which  transmit  the  loads  from  the  floating  shaft 
are  required  for  trouble-free  operation. 

One  of  the  outstanding  advantages  of  this  external  means  of 
measuring  rolling  moment,  aside  from  its  versatility,  is  its  virtual 
freedom  from  interaction  caused  by  combined  loadings  on  the  model.  In 
order  to  realize  this  advantage,  however,  the  longitudinal  axes  of  the 
shaft  and  the  internal  balance  must  be  perfectly  aligned. 


3.2.6  Axial  Force  Measurement 


The  measurement  of  axial  force  is  the  sixth  and  last  com¬ 
ponent  needed  to  define  completely  the  over-all  force  characteristics 
of  an  aircraft.  In  many  ways,  it  is  the  most  difficult  component  to 
measure  because  of  its  susceptibility  to  Interaction  from  all  forces 
and  moments,  other  than  the  rolling  moment.  The  interaction  difficul¬ 
ties  can  be  lessened  to  some  extent  at  the  expense  of  added  pressure 
corrections  if  the  force  is  measured  external  to  the  model. 


3. 2. 6.1  Strain-Gage  Techniques  for  Measurement  of  Axial  Force 

That  approach  by  which  the  basic  drag  balance  is  incorporated 
in  a  sting-support  positioned  between  the  model  and  angle-of-attack 
mechanism  of  the  wind  tunnel  is  considered  the  most  satisfactory  method 
for  measuring  axial  force.  As  shown  in  Fig,  3-18,  the  model  is  sup¬ 
ported  by  a  central  shaft  mounted  in  the  ball  bearings  within  the  bal¬ 
ance  housing  and  the  balance  base,  which  is  attached  rigidly  to  the 
angle-of-attack  mechanism.  The  central  balance  shaft  is  free  to  rotate 
and  translate  except  for  the  restraint  imposed  by  cantilever  beams  be¬ 
tween  the  balance  housing  and  aft  portion  of  the  shaft.  Strain  gages 
mounted  on  these  beams  transmit  indications  of  applied  rotational  and 
axial  loads  to  appropriate  recording  devices.  Roll  orientation  of  the 
shaft  is  controlled  and  recorded  remotely.  It  is  necessary  to  measure 
the  model  base  pressure  and  the  static  pressure  inside  the  balance  sup¬ 
port.  It  is  therefore  essential  to  seal  the  support  at  the  base  to 
prevent  airflow  through  the  support  so  that  the  internal  static  pressure 
acting  on  the  shaft  cross-sectional  area  at  the  windshield  lip  com¬ 
pletely  defines  the  un^'anted  force  or  tare  inside  the  support  case 
which  is  measured  by  the  cantilever.  Experimental  evidence  has  shown 
that  it  is  virtually  impossible  to  obtain  a  base  pressure  on  a  wind- 
tunnel  model  with  a  practical  sting-windshield  combination  that  will 
trulv  represent  the  free-flight  base  pressure  at  supersonic  speeds. 
Consequently,  the  base  pressure  acting  on  the  model  base  area  (less 
the  sting  area,  which  has  already  been  accounted  for)  must  be  corrected 
to  the  free-stream  static  pressure  or  some  other  common  reference  pres¬ 
sure.  In  this  manner,  base  pressure  anticipated  in  free  flight,  along 
with  Reynolds  number  corrections  to  skin  friction  drag,  can  be  applied 
to  the  wind-tunnel  data  to  obtain  realistic  drag  values  for  free-flight 
condit ions. 

In  all  cases  where  the  axial  force  is  measured  external  to 
the  model,  the  supporting  member  between  the  model  base  and  the  wind¬ 
shield  lip  must  be  cylindrical  in  order  that  the  pressure  drag  on  the 
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■eaber  rewtlns  negligible.  Skin-friction  drag  on  a  cylindrical  sup¬ 
porting  aeaber  of  practical  length  has  been  calculated  to  be  negligible 
as  it  is  sell  within  the  drag-neasuring  accuracy  of  sost  systess  in 
current  Mse.  It  is  conceivable,  however,  that  this  skin-friction  drag 
■ay  becoae  significant  in  cases  where  saall  absolute  values  of  drag 
are  to  be  aeasured,  and  therefore  it  aust  be  evaluated  in  order  to  cor¬ 
rect  the  drag  neasureaents. 

The  roll  and  drag  cantilever  beaas  nay  be  changed  as  needed 
to  give  the  required  sensitivity  for  a  particular  installation.  In¬ 
teraction  of  applied  normal  loads,  not  exceeding  the  balance  design 
load,  on  the  two-balance  components  of  roll  and  drag  are  usually  neg¬ 
ligible. 


The  repeatability  of  balance-data  components  obtained  from 
diverse  models  under  actual  test  conditions  over  a  long  period  of  usage 
is  Indicative  of  balance  performance.  Representative  values  obtained 
by  use  of  a  balance  of  the  type  shown  in  Fig.  3-18  are  tabulated  below. 


Average 

Repeatability 

Number  of 
Repeat 
Points 

Normal 

Force 

(lb) 

Axial 

Force 

(lb) 

Rolling 
Moment 
( in. -lb) 

Axial  Rolling 

Force  Moment 

(lb)  (in. -lb) 

674 

0-150 

0-24 

+  0.04 

1177 

0-150 

2-26 

— 

+  0.10 

A  systematic  balance  evaluation  program  consists  of  an  ex¬ 
perimental  study  of  the  performance  of  the  primary  support  balances 
operating  within  their  design  load  ranges.  Tests  conducted  at  the 
same  Mach  number,  using  the  same  models  and  configurations  with  all 
balances,  provide  a  good  comparison  of  the  performance  of  the  various 
balances.  Typical  data,  shown  in  Fig.  3-19,  were  obtained  with  the 
balances  operating  under  a  varying  normal  and  axial  force.  Figure  3-19 
shows  a  comparison  of  experimental  and  theoretical  axial-force  coef¬ 
ficients  for  a  typical  test  model  consisting  of  a  cylindrical  body  with 
conical  noses  of  various  apex  angles. 

A  balance  of  the  type  described  above  has  been  used  to  test 
an  NACA  standard  model  (RM-10),  and  the  axial-force  measurements  have 
been  compared  with  those  obtained  in  several  NACA  wind  tunnels  operat¬ 
ing  at  comparable  free-stream  conditions  (Ref.  125).  The  results  show 
an  average  difference  in  axial  force  of  +  0.03  lb,  with  a  maximum  axial 
force  of  2.5  lb. 

Six-component  internal  balances  incorporating  an  internal 
drag  link  based  on  the  flexure  principle  have  also  bees,  constructed. 

The  maximum  interaction  of  normal  load  on  the  axia'  «'onioonent  of  two 
typical  units  is  Z’i  and  9^  of  the  applied  normal  i<»ad.  The  average 
repeatability  of  axial  force  is  +  0.07  lb  for  axial  ..as  of  the  order 
of  4  lb  where  the  normal  force  varies  from  0  to  160  Ir: 

The  most  commonly  used  type  of  balance  at  'h-^  Boeing  Wind 
Tunnel  is  an  internal  strain-gage,  six-component,  temperature-compen¬ 
sated  balance.  The  experience  at  Boeing,  in  common  w, th  that  elsewhere, 
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is  that  axial  force  is  the  most  difficult  component  to  measure.  Part 
of  the  reason  for  this  is  that  the  drag  cage  must  carry  all  of  the 
other  comparatively  large  loads  while  measuring  the  relatively  small 
drag  load.  Recent  Boeing  designs  place  the  drag  cage  at  approximately 
the  model's  center  of  lift;  thus,  this  problem  is  somewhat  alleviated 
because  the  moments  imposed  on  the  drag  cage  are  greatly  reduced. 

During  the  "warming  up"  period  of  a  continuous-flow  tunnel, 
there  exists  a  transient  heat  flow  from  the  model  and  balance  to  the 
model  support  system.  This  heat  flow  induces  erroneous  readings  in 
the  balance  even  though  the  balance  is  properly  temperature-compensated. 
It  is  therefore  good  practice  to  allow  a  5  to  10-min  period  for  tempera¬ 
tures  to  come  to  equilibrium  before  data  Is  taken.  This  procedure  al¬ 
lows  the  model,  balance,  and  support  system  to  assume  an  approximately 
equal  temperature,  thereby  eliminating  the  heat  flow. 

One  of  the  more  recent  Boeing  strain-gage  balances  (the  636) 
is  characterized  by  low  interactions  and  a  relatively  large  capacity 
for  its  size,  which  is  6.10  in.  in  length  and  0.656  in.  in  diameter. 

The  capacities  of  the  various  components  are:  normal  force,  150  lb; 
pitching  moment,  200  in. -lb;  side  force,  75  lb;  yawing  moment,  130  in.- 
Ib;  rolling  moment,  50  in. -lb;  and  chord  force,  15  lb,  A  main  feature 
of  this  balance  is  what  nay  be  described  as  an  "inside-out"  construc¬ 
tion.  In  a  conventional  drag  cage  design,  the  main  supporting  struc¬ 
ture  is  generally  on  the  top  and  bottom,  with  the  flexures  in  between. 

In  the  636  balance,  the  structure  is  in  the  form  of  a  pair  of  T  sec¬ 
tions  (one  inverted),  with  the  flexures  running  between  the  crosses  of 
the  T' s. 


The  Naval  Ordnance  Laboratory  has  evaluated  the  performance 
of  a  highly  sensitive  one-component  internal  drag  balance.  The  con¬ 
struction  of  this  balance  is  conventional  in  that  applied  model  loads 
are  resisted  by  a  flexure-pivot  arrangement.  Its  unique  feature  is 
the  detection  of  a  small  axial  displacement  of  the  model  by  a  Schaevitz 
variable-reluctance  transformer  which  may  be  calibrated  in  terms  of  ap¬ 
plied  axial  force.  The  capacity  of  the  existing  balance  is  approxi¬ 
mately  135  lb  normal  force  and  36  lb  axial  force.  The  maximum  diameter 
is  approximately  0.5  in.  Experimental  results  are  characterized  by  in¬ 
teractions  of  extremely  small  magnitude  and  by  small  variations  of  this 
magnitude  with  normal-load  axial  location. 

Figure  3-20  shows  a  version  of  a  recent  drag-beam  design  used 

at  the  Army  Ballistic  Missile  Agency.  The  calibration  indicated  almost 

negligible  (approximately  1^)  interaction  effect  with  normal  drag  sen¬ 
sitivity.  Failure  has  been  experienced  when  the  weld  bead  was  ground 
too  thin.  Fabrication  is  relatively  simple. 

Friction  in  bearing-supported  balances  can  sometimes  intro¬ 
duce  sizeable  errors  in  axial  force  measurements  on  low-drag  configura¬ 
tions,  especially  in  the  absence  of  vibration.  An  air-bearing  balance 
(patent  pending.  File  674262)  has  been  designed  at  the  ABMA  wind  tunnel 

for  such  measurements  and  is  shown  in  Fig.  3-21.  The  upper  view  repre¬ 

sents  the  arrangement  initially  tried.  Air  is  supplied  to  Chamber  A 
until  the  model  moves  forward.  The  pressure  in  the  supply  line  to 
Chamber  A  is  increased  and  observed.  It  can  be  related  to  the  drag 
force.  A  more  sophisticated  version  is  pictured  in  the  partial  cross- 
section  on  the  left.  The  motion  between  the  model  shell  and  the  balance 
is  resiliently  restrained.  The  displacement  due  to  a  drag  load  is 
sensed  by  a  differential  transf ormer-type  transducer. 
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Some  alr-bearlng  experiments  conducted  at  David  Taylor  Model 
Basin  indicate  that  this  technique  may  be  successful  for  very  small 
diameter  internal  drag  balances. 

Measurement  of  axial  force  is  complicated  by  the  interference 
effects  of  the  sting  and  windshield  on  the  base  pressure.  A  unique 
method  of  circumventing  this  problem  has  been  developed  at  DTMB  by  sup¬ 
porting  the  model  from  the  front  or  upstream  direction.  A  drag  balance 
is  mounted  in  the  downstream  end  of  a  cylindrical  tube  positioned  on 
the  longitudinal  axis  of  a  wind-tunnel  nozzle.  The  tube  begins  in  the 
tunnel  stilling  chamber,  extends  downstream  through  the  effusor  and 
nozzle,  and  ends  with  its  base  in  the  test  section.  The  tube  is  sup¬ 
ported  only  in  the  stilling  chamber  and  effusor  in  such  a  manner  that 
the  influence  of  the  supporting  structure  is  not  detectable  in  the  test 
section.  Test  configurations  are  attached  at  the  downstream  end  to  a 
strain-gage  balance  enclosed  within  the  tube.  Cylindrical  bodies  are 
mounted  concentric  with  the  tube,  and  the  pressure  on  the  forward  face 
of  these  bodies  is  measured  in  order  to  make  drag  corrections.  Pres¬ 
sure  and  electrical  leads  are  conducted  forward  in  the  tube  and  taken 
out  through  the  stilling  chamber.  Base  pressure  measurements  are  made 
by  means  of  an  auxiliary  probe.  This  technique  has  the  following  ad¬ 
vantages  : 

1.  It  permits  the  measurement  of  afterbody  drag  characteristics 
which  are  free  of  support  interference. 

2.  Transonic  testing  may  be  conducted  without  the  usual  choking 
or  blocking  problems  caused  by  sting  and  windshield. 

3.  Larger  scale  afterbodies  may  be  tested  for  a  given  supersonic 
shock  reflection  or  subsonic  wall  correction  condition. 

4.  The  effect  of  protuberances  and  their  influence  on  base  drag 
may  be  evaluated. 

5.  Data  accuracy  is  improved  because  afterbody  drag  is  measured 
directly,  larger  scale  models  may  be  used,  and  problems  as¬ 
sociated  with  measuring  drag  and  several  other  components 
simultaneously  are  eliminated. 

6.  By  measuring  both  base-pressure  drag  and  total  afterbody  drag, 
the  contribution  of  wave  drag  plus  skin-friction  drag  may  be 
readily  assessed. 

7.  It  offers  a  potential  means  for  investigating  the  effects  of 
a  jet  emanating  from  the  base. 

The  primary  disadvantage  is  that  data  are  obtained  only  at 
zero  pitch  or  yaw  attitude.  It  has  been  determined  experimentally  that 
the  effect  of  the  axial  tube  on  supersonic  flow  in  the  test  section  is 
to  increase  the  Hach  number  according  to  area  ratio  theory  and  to 
create  a  positive  Mach  number  gradient  (0.5^/in.  at  M  =  1.875).  It  is 
expected  to  have  no  effect  on  subsonic  or  transonic  test-section  flow. 

Another  solution  to  the  base-flow  interference  problem  has 
been  demonstrated  by  a  French  tunnel  that  has  vertical  flow  from  top 
to  bottom.  The  model  is  fired  upward  into  the  flow  with  just  enough 
energy  to  enter  the  test  section  and  fall  back  into  a  catcher.  Data 
were  obtained  photographically  during  the  model’s  excursion  into  the 
test  section.  High-speed  schlieren  movies  were  taken  at  the  instant 
the  model  floated  at  rest. 
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3. 2. 6. 2  Induced  Boundary-Layer  Transition 


The  problee  of  eeasuring  the  drag  of  wind-tunnel  models  is 
complicated  by  the  transition  from  laminar  to  turbulent  boundary- layer 
flow  on  the  model  (Ref.  126).  Because  Reynolds  number  in  full-scale 
free  flight  is  usually  much  larger  than  for  a  small-scale  model  in  the 
wind  tunnel,  the  transition  point  in  free  flight  is  generally  near  the 
leading  edges.  On  a  model,  transition  may  occur  at  various  points,  de¬ 
pending  upon  many  factors,  with  a  resulting  change  in  the  measured  drag 
level.  One  means  of  overcoming  this  problem  is  to  deliberately  trip 
the  boundary  layer  on  the  model  so  that  turbulent  flow  over  the  com¬ 
plete  model  is  assured.  A  common  method  for  achieving  this  is  to  use 
roughness  or  trip  wires  near  the  leading  edges  of  the  model  surfaces. 
Caution  is  needed,  however,  to  trip  the  boundary  layer  without  creating 
a  disturbance  large  enough  to  produce  additional  wave  drag.  A  system¬ 
atic  program  (Ref.  127)  was  conducted  to  determine  the  critical  size 
and  location  of  grit  or  trip  wires,  and  various  sizes  of  grit  applied 
near  the  nose  tip  were  tested  through  a  range  of  Mach  and  Reynolds  num¬ 
bers.  A  comparison  of  grit  and  a  single  wire  shows  that  grit  is  con¬ 
siderably  more  effective  as  a  tripping  element. 

If  a  positive  means  of  assuring  completely  turbulent  or  com¬ 
pletely  laminar  boundary  layer  over  the  entire  model  is  not  possible, 
it  is  necessary  to  establish  the  location  of  boundary- layer  transition 
in  order  that  appropriate  corrections  to  the  axial  force  can  be  made 
for  the  skin-friction  drag.  This  subject  is  covered  more  extensively 
in  Subsec.  5.6.  ‘ 

3.2.7  Interference  Effects  on  Force  Measurements 


No  discussion  of  force  measurement  is  complete  without  some 
mention  of  sting  and  windshield  interference  effects.  The  ideal  situa¬ 
tion  calls  for  a  sting  of  zero  diameter  and  for  an  infinite  distance 
from  the  model  base  to  the  windshield  lip. 

3. 2. 7.1  Mechanical  Interference 

In  wind  tunnels  where  the  dynamic  pressure  and  the  resulting 
loads  on  the  model  are  high,  practical  considerations  frequently  pre¬ 
vent  the  use  of  long  slender  stings.  Since  the  slenderness  might  give 
rise  to  excessive  deviation  with  consequent  interference,  and  too  long 
a  length  nay  produce  over-stressing,  an  optimum  length  and  diameter 
must  be  determined  for  each  type  of  application. 

It  is  sometimes  possible  to  eliminate  mechanical  interference 
(or  grounding)  with  the  model  base,  first  by  proper  positioning  of  the 
internal  taper  connection  between  the  model  and  sting,  and  second  by 
varying  the  sting  cross-section  so  that  the  internal  portion  of  the 
sting  takes  an  ”S"  shape  under  load,  with  no  relative  motion  of  the 
sting  at  the  model  base.  This  problem  has  a  simple  analytic  solution 
and  an  even  simpler  experimental  solution. 

For  the  analytic  solution  (Ref.  128),  the  designer  usually  is 
given  the  external  shape  of  the  specified  model  and  the  approximate 
center-of-pressure  location  for  the  critical  configurations  to  be 
tested.  The  problem  is  to  place  the  internal  balance  in  such  a  manner 
as  to  prevent  grounding  under  load. 
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Fro*  the  sketch,  a  load,  F,  applied  at  Points  1  or  2  will 
cause  the  clearance  to  decrease  at  Points  3  or  4,  respectively.  It  is 
reasonable,  then,  that  the  application  of  the  load  at  soee  point,  pref¬ 
erably  at  the  center  of  pressure,  will  result  in  no  change  in  clearance 
at  the  model  base.  Hence,  the  dimension  L  is  sought  with  the  dimension 
b  known. 

For  simplicity,  assume  that  the  theoretical  internal  balance 
is  of  constant  section  and  therefore  has  a  constant  moment  of  inertia, 

I,  along  its  length  within  the  model.  The  appropriate  moment  and  de¬ 
flection  diagrams  follow. 


It  is  obvious  from  the  deflection  diagram  that  the  clearance 
at  the  model  base  will  remain  unchanged  if  the  slope  of  the  deflection 
curve  at  Point  A  extended  passes  through  Point  B.  This  condition  s 
fulfilled  if  ~  radians.  Hence,  independent  equations  for 

9  and  are  sought. 

From  the  area-moment  method  of  determining  beam  deflections, 
the  angle,  9,  between  the  tangents  to  the  elastic  curve  of  a  beam  at 
any  two  points,  A  and  B,  is  equivalent  to  the  area  under  the  moment 
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diagram  between  the  two  points  divided  by  El.  Hence, 


e 


_  FL^  aFL 
■  "  El 


(3-38) 


Also,  the  displacement,  y  „  In  this  case,  of  Point  A  from  the  tangent 

Ol&lX 

to  the  elastic  curve  at  B  equals  the  moment  (about  Point  A)  of  the  area 
under  the  bending  moment  diagram  between  A  and  B  divided  by  El. 
Therefore, 


^max  =  FL^  aFL 
L  Tei  ■  IeT 


(3-39) 


Equating  Eqs.  3-38  and  3-39  and  solving  lor  L  in  terms  of  a. 


L  =  3a 


(3-40) 


It  is  concluded  for  this  case,  therefore,  that  the  internal  balance 
should  be  so  located  that  the  center  of  pressure  is  two-thirds  of  the 
distance  from  the  model  base  to  the  attachment  point.  Further,  the 
location  of  the  balance  attachment  point  is  independent  of  the  load,  F, 
the  modulus  of  elasticity,  E  (for  a  homogeneous  balance),  or  in  this 
special  case,  the  moment  of  inertia,  I.  For  the  practical  case,  how¬ 
ever,  the  local  moment  of  inertia  of  the  internal  balance  will  vary 
within  the  model  cavity  and  will  influence  the  solution  to  some  extent. 

For  an  existing  internal  balance  and  a  known  inner-body  di¬ 
ameter  and  center  of  pressure.  It  is  a  simple  matter  to  determine  ex¬ 
perimentally  the  distance,  L,  by  hanging  a  weight  at  a  distance,  b, 
from  the  base  of  a  hollow  cylinder  with  known  inner  diameter  and  slid¬ 
ing  it  back  and  forth  on  a  cylindrical  block  attached  to  the  internal 
balance  until  the  position  is  found  where  the  clearance  at  1  and  2 
(below)  does  not  change  when  the  weight  is  removed.  The  distance  L  is 
then  found  by  direct  measurement. 


3. 2. 7. 2  Aerodynamic  Interference 

Aside  from  structural  considerations,  the  internal  balance 
should  be  designed  so  as  to  keep  aerodynamic  inter  f-ences  to  a  minimum 
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A  fee  of  the  factors  which  say  set  up  Interferesces  are  discussed 
briefly  below. 

Ratio  of  Internal-Balance  Diameter  to  Model  Diameter .  d/p. — 
This  factor  is  of  little  consequence  when  the  model  is  not  boattailed, 
or  when  the  model  is  boattailed  and  the  boundary  layer  in  the  boat- 
tailed  region  is  fully  turbulent.  When  the  boundary  layer  at  the  tail 
of  a  boattailed  model  is  laminar,  the  presence  of  a  large  internal  bal¬ 
ance  may  cause  premature  separation  of  flow  in  the  boattailed  region 
and  thereby  cause  erroneous  measurements.  Tests  were  conducted  at  the 
ABMA  wind  tunnel  for  the  laminar  boundary- layer  condition  at  Mach  num¬ 
bers  1.99,  2.44,  2.98,  3.26,  and  3.89,  and  Reynolds  numbers  between 

1.9  and  0.8  x  10”  on  a  cone-cylinder  model.  Base-pressure  data  for 
laminar  boundary  layer  were  obtained  at  zero  angle  of  attack  for  various 
sting  diameters  and  adapter  locations.  Based  on  these  tests,  it  is  con¬ 
cluded  that  there  is  1)  a  negligible  effect  on  base  pressure  at  all  Mach 
numbers  for  a  ratio  of  sting  size  to  model  base  diameter  of  0.40  or 
smaller  (in  fair  agreement  with  NACA  data  at  M  =  2.00),  but  that  larger 
sting  diameters  have  a  noticeable  effect  on  base  pressure,  particularly 
at  the  lower  supersonic  Mach  numbers;  and  2)  a  critical  distance  be¬ 
tween  the  model  base  and  adapter  (windshield)  location,  within  which 
the  base  pressure  is  greatly  affected  by  an  abrupt  change  in  sting  di¬ 
ameter,  the  distance  varying  with  Mach  number.  ( L/D  values  greater 
than  2  at  M  =  1.99,  increasing  to  3  at  M  =  3.26,  are  apparently  free 
of  sting  effects.) 

Windshield  Interference. — One  of  the  major  problems  associated 
with  the  measurement  of  axial  force  in  a  wind  tunnel  is  that  of  wind¬ 
shield  Interference.  A  systematic  study  of  windshield  and  support  in¬ 
terference  was  run  for  the  purpose  of  providing  specific  criteria  for 
the  design  of  model  support  systems  which  are  free  from  interference 
effects.  (Note:  Criteria  may  be  different  for  different  wind  tunnels.) 
The  three  configurations  employed  are  shown  in  Fig.  3*22.  Pressure 
taps  were  provided  on  the  side  of  the  model  near  the  base  as  well  as  on 
the  base  of  the  model.  The  base  and  afterbody  pressures  were  measured 
at  angles  of  attack  up  to  15  deg.  Data  were  obtained  using  windshield 
half-angles  of  10,  20,  and  30  deg  with  four  sting  diameters  ranging 
from  0.33  to  0.83  of  the  maximum  body  diameter.  Distance  between  the 
windshield  and  model  base  was  varied  from  zero  to  six  maximum  body  di¬ 
ameters.  It  was  anticipated  that  windshield  interference  would  be  most 
critical  for  the  non-boat tailed  body;  however,  the  boattailed  configura¬ 
tion  was  tested  to  verify  the  hypothesis.  Figure  3-23  presents  the  pri¬ 
mary  results  of  the  test  at  Mach  number  1.50.  Here  the  static  pressure 
ratio  at  the  extreme  end  of  the  body  is  plotted  versus  the  ratio  of  the 
base-to-windshield  distance  to  the  maximum  body  diameter  for  the  zero 
angle-of -attack  condition.  These  pressure  orifices  were  on  top  of  the 
body,  as  close  to  the  base  as  possible.  The  solid  lines  represent  the 
interference-free  condition,  i.e.,  no  further  pressure  variation  with 
L/D.  The  non-boattailed  body  requires  the  greatest  windshield  distance 
to  establish  an  interference-free  condition  and  is  therefore  the  most 
critical  case.  It  should  be  mentioned  that  zero  angle  of  attack  also 
proved  to  be  more  critical  than  higher  angles.  A  summary  of  the  data 
obtained  is  given  in  Fig.  3-24.  The  results  of  base-pressure  measure¬ 
ments  corresponded  quite  closely  with  the  data  in  Fig,  3-23.  The  criti¬ 
cal  distance  is  independent  of  windshield  half-angles  equal  to  or  less 
than  20  deg.  A  geometrically  similar  model  was  extensively  investi¬ 
gated  by  Whitfield  in  the  12-ln.  E-1  tunnel  at  AEDC’s  Gas  Dynamic 
Facility.  His  results  showed  a  strong  dependence  on  Reynolds  number 
in  that  the  critical  value  of  L/D  increased  as  Reynolds  number  dimin¬ 
ished  at  Mach  numbers  3  and  4.  He  also  showed  measurable  errors  in 
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over-all  axial  force  (less  base  pressure  drag)  when  windshield  inter¬ 
ference  existed  with  boattailed  bodies. 

Bogdonoff  (of  Princeton)  pointed  out  that  sting  interference 
is  still  a  big  problea  at  Mach  nuabers  over  12  in  hellua  where  a  sting 
length  of  20  body  diaaeters  proved  insufficient.  He  conjectured  that 
100  diaaeters  aight  be  required  to  assure  aeasureaents  that  are  com¬ 
pletely  free  of  sting  interference.  The  problem  seems  dependent  on 
the  presence  of  reflected  shocks.  Base-pressure  measurements  free  of 
sting  effects  are  very  difficult  if  not  impossible  to  measure.  Be¬ 
cause  of  the  thick  boundary  layer  on  the  sting,  pressures  creep  for¬ 
ward  and  affect  the  base  pressures  and  even  cause  separation  forward 
on  the  model. 

It  is  difficult  to  distinguish  between  laminar  and  turbulent 
boundary  layers  in  helium  at  Mach  numbers  greater  than  ten.  The  bound- 

0 

ary  layer  looks  laminar  at  a  Reynolds  number  per  inch  of  10  x  10  at 
Mach  15.  Very  close  inspection  shows  the  boundary  layer  to  consist  of 
a  laminar  sublayer  of  normal  thickness  covered  by  a  very  thin  turbulent 
layer  obeying  a  twelfth  power  law.  Wake  closure  is  another  severe  prob¬ 
lem  at  these  Hach  numbers.  Thin  struts  leave  wakes  which  reduce  the 
stagnation  pressure  by  100:1  and  do  not  readily  close. 

It  is  obvious  that  such  interference  data  cannot  be  con¬ 
sidered  entirely  independent  of  the  facility  in  which  experiments  are 
run;  hence,  it  is  necessary  to  run  similar  evaluations  in  each  indi¬ 
vidual  wind  tunnel.  . 

The  windshield  lip  diameter  must  be  larger  than  that  of  the 
sting  in  order  that  mechanical  interference  will  not  compromise  the 
force  measurements  made  in  the  external  support.  Figure  3-25  shows 
that  dCjj/da  and  dC are  functions  of  the  windshield  distance  be¬ 
hind  the  model  base  when  the  windshield  lip  diameter  becomes  larger 
than  the  model  base  diameter.  These  data  were  obtained  at  Hach  2.00 
in  the  OAL  tunnel.  The  effect  of  windshield  clearance  on  the  slopes 
of  the  normal  force,  pitching  moment,  and  stability  curves  and  axial 
force  at  Mach  1.73  in  the  same  wind  tunnel  is  shown  in  Fig.  3-26.  Here 
again  it  appears  that  an  L/D  of  1.5  or  greater  is  sufficient  for  a 
finned,  boattailed  model  when  the  windshield  lip  diameter  is  less  than 
the  model  base  diameter. 

The  use  of  small-diameter  sting  supports  will  minimize  the 
windshield  interference  effects  when  the  windshield  distance  from  the 
base  must  be  smaller  than  4.0  model-body  diameters.  This  allows  coni¬ 
cal  windshields  of  smaller  cone  angles  to  be  used.  Although  simple 
conical  windshields  are  most  commonly  used,  biconic  windshields  can 
sometimes  minimize  windshield  interference  when  large  diameter  supports 
are  used. 
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Interestingly  enough,  soeetimes  an  ogival-shaped  windshield 
provides  less  interference  than  conical  windshields  do  at  the  low  super¬ 
sonic  Mach  nuabers  (1.25  or  thereabouts),  even  though  the  leading-edge 
angle  of  the  former  is  considerably  greater  than  the  equivalent  length 
cone  (see  Subsec.  2.5.1). 

Another  phenomena  occasionally  encountered  in  supersonic 
wind-tunnel  testing  is  "windshield  buzz."  This  is  nothing  more  than 
the  oscillatory  swallowing  and  regurgitating  of  the  shock  that  is  fre¬ 
quently  encountered  in  inlet  diffusers  for  engines  when  the  mass  flow 
is  restricted  past  the  point  of  maximum  pressure  recovery  and  an  un¬ 
stable  shock  pattern  exists.  In  the  case  of  the  windshield  that  is 
screening  the  external  drag  balance,  it  is  readily  understood  that  an 
oscillating  pressure  within  the  support  would  effectively  prevent  this 
tare  evaluation,  making  the  axial  force  measurement  worthless.  If  the 
amplitude  and  frequency  of  the  buzz  combine  in  an  undesirable  manner, 
it  is  probable  that  the  voltage  output  from  the  drag-measuring  strain- 
gage  bridge  will  be  prohibitively  oscillatory  and  could  reach  such  an 
extreme  as  to  cause  the  strain  gages  to  fail  due  to  fatigue.  Wind¬ 
shield  buzz  can  be  easily  overcome  by  changing  the  inlet  geometry, 
l.e.,  providing  a  larger  or  smaller  inlet  diameter,  thus  moving  away 
from  the  critical  buzz  condition. 

Still  another  phenomena  that  is  unpredictable  and  infre¬ 
quently  encountered,  but  which  is  serious  when  it  does,  is  high-ampli¬ 
tude  model  vibration.  Occasionally,  the  combination  of  a  particular 
model,  internal  balance,  external  support,  and  wind  tunnel  may  result 
in  a  particular  mass-moment  of  Inertia  and  natural  frequency  that  will 
amplify  an  excitation  due  to  buffeting  (unsteady  flow  from  forward  sur¬ 
faces  striking  aft  surfaces)  or  tunnel  vibration  at  the  same  or  a  har¬ 
monic  frequency  of  the  system's  natural  frequency.  Sometimes  this  may 
be  encountered  at  a  unique  model  orientation  with  an  airstream.  At 
higher  or  lower  angles  of  attack,  for  Instance,  it  may  disappear  en¬ 
tirely.  However,  when  such  a  vibration  is  encountered,  it  must  be 
stopped  immediately,  or  the  model  may  be  destroyed.  The  condition  may 
be  halted  either  by  changing  the  model's  angle  of  attack  or  roll  orien¬ 
tation,  or  by  shutting  down  the  wind  tunnel.  In  practice,  suscepti¬ 
bility  to  such  vibration  can  most  simply  be  avoided  by  changing  the 
system's  mass  moment  of  inertia  (e.g.,  by  replacing  the  nose  of  a  steel 
model  with  an  identical  nose  made  of  aluminum).  A  change  in  mass  at 
the  extreme  forward  end  of  the  model  is  most  effective  because  its  mo¬ 
ment  arm  to  the  tunnel  support  attachment  is  the  greatest. 

Measuring  the  axial  force  internal  to  the  model  eliminates 
to  a  large  extent  many  of  the  aerodynamic  interferences  mentioned  above, 
but  at  the  same  time  it  introduces  many  other  forms  of  interference. 

Most  balance  configurations  involve  an  asymmetric  geometry  that  is  sus¬ 
ceptible  to  relatively  large  and  frequently  nonlinear  interactions  of 
normal  and  side  force  on  the  axial  force  measurement.  The  interaction 
from  a  normal  force  differs  from  that  obtained  with  a  side  force.  This 
is  especially  undesirable  in  a  system  where  the  model  and  internal  bal¬ 
ance  can  be  remotely  rolled  about  its  longitudinal  axis  while  the  tun¬ 
nel  is  operating,  since  interaction  calibrations  must  be  made  before¬ 
hand  for  every  balance  orientation  that  is  to  be  used  in  the  test. 
Further  complications  are  encountered  in  the  data  reduction,  especially 
when  high-speed  digital  calculators  are  used. 

The  >!se  of  internal  drag  balances  is  most  practical  in  large 
wind  tunnels  w;t!.  reasonably  low  dynamic  pressure.  In  this  case  the 
models  are  generally  large  enough  for  one  six-component  balance  to  be 
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used  for  a  great  number  of  models.  The  small  models  used  in  small 
wind  tunnels,  especially  those  with  high  dynamic  operating  pressures, 
usually  necessitate  a  re-design  of  the  internal  balance  to  fit  each 
particular  model,  assuming  that  the  balance  can  be  miniaturized  satis¬ 
factorily.  This  is  not  economical  because  adding  the  capability  of 
measuring  axial  force  more  than  doubles  the  cost  of  building  a  conven¬ 
tional  five-component  balance.  (It  is  usually  desirable  to  provide  a 
standby  duplicate  balance  in  order  to  diminish  the  possibility  that  a 
test  program,  which  is  confined  to  a  rigid  time  schedule,  will  be 
aborted. ) 


Another  disadvantage  of  the  internal  drag  balance  is  that  it 
must  be  isolated  from  any  airflow  through  or  around  the  balance  such 
as  might  be  encountered  in  a  model  of  a  ramjet-propelled  missile  with 
a  nose  inlet.  Admittedly,  the  task  of  evaluating  the  drag  due  to  in¬ 
ternal  flow  through  the  model  is  difficult  when  the  axial  force  is 
being  measured  externally,  but  it  is  well-nigh  impossible  on  an  inter¬ 
nal  balance. 

Exposed  Length  of  Internal  Balance. — When  both  the  balance 
diameter  and  the  exposed  length  are  large,  measurable  air  loads  will 
be  experienced  on  the  exposed  part  of  the  balance  at  very  high  angles 
of  attack  (see  Fig.  3-27).  If  strain  gages  are  used  on  the  balance 
aft  of  this  region,  their  reading  will  be  influenced  by  these  loads. 
Therefore,  strain  gages  mounted  on  the  balance  for  measuring  forces 
and  moment  (with  the  exception  of  rolling  moment  and  axial  force) 
should  be  located  within  the  model  cavity  whenever  possible. 


3.2.8  Calibration  of  Strain-Gage  Balances 

Any  device  that  is  to  be  used  for  measurement  must  be  cali¬ 
brated  so  that  the  output  can  be  converted  to  conventional  units  of 
measurement.  Of  all  the  phases  that  a  balance  goes  through  in  the 
process  of  preparation  for  tunnel  use,  the  calibration  phase  is  prob¬ 
ably  the  most  important,  for  the  wind-tunnel  force  data  obtained  are 
seldom,  if  ever,  better  than  the  calibration.  Since  calibration  tech¬ 
niques  vary  widely  from  facility  to  facility,  the  method  outlined  be¬ 
low  may  have  many  modifications. 

In  contrast  with  large  balances  external  to  the  wind  tunnel, 
internal  balances  are  rarely  entirely  free  of  interactions  of  one  com¬ 
ponent  of  load  on  the  measurement  of  other  components.  In  the  design 
of  strain-gage  balances,  emphasis  should  be  placed  on  eliminating 
sources  of  non-repeatable  or  indeterminate  errors.  As  a  result  of 
this  policy  and  the  space  limitations  usually  encountered,  internal 
balances  will  sometimes  have  what  appears  to  be  a  large  number  of  in¬ 
teractions.  However,  these  interactions  can  be  determined  and  are  re¬ 
peatable,  so  that  the  balance  data  can  be  corrected  with  acceptable 
accuracy.  The  major  purpose  of  the  procedure  covered  here  is  to  de¬ 
termine  these  interactions.  The  procedure  also  serves  other  important 
purposes ; 

1.  To  proof- load  the  balance 

2.  To  check  the  gaging  and  wiring 

3.  To  determine  hysteresis  and  repeatability 

4.  To  determine  component  sensitivity 
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5.  To  determine  deflections  under  load 

6.  To  determine  accuracy. 

Improper  or  incomplete  procedures  at  this  time  can  very 
easily  nullify  most  of  the  benefits  gained  from  careful  design  and 
meticulous  workmanship  in  the  balance  fabrication.  For  this  reason 
the  importance  of  proper  testing  in  this  phase  cannot  be  overemphasized 
(Ref.  12$.  It  is  Important  that  the  balance  be  calibrated  over  the 
entire  anticipated  load  and  center-of-pressure  ranges  and  that  suffi¬ 
cient  points  be  taken  to  assure  an  accurate  and  repeatable  calibration. 
( It  is  suggested  that  the  data  obtained  be  reduced  by  the  least  squares 
method,  preferably  on  a  digital  calculator.) 


3.2.8. 1  Basic  Loading  Systems 
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In  order  to  load  a  balance  accurately  it  is  first  necessary 
to  construct  a  fixture  which  simulates  the  model  to  be  tested  and  which 
will  transmit  loads  to  the  balance  in  the  same  manner  as  the  model  will 
transmit  the  loads  in  tunnel  testing.  It  should  be  attached  as  the 
model  will  be  attached  and  should  have  reference  surfaces  which  will 
remain  fixed  with  respect  to  the  balance  reference  surface  as  the  bal¬ 
ance  is  being  loaded.  To  achieve  this  it  is  convenient  (and  necessary) 
to  have  an  accurately  machined  surface  or  surfaces  on  the  balance,  close 
to  its  mounting  surface,  which  can  be  used  as  a  reference  for  both  the 
calibration  fixture  and  the  model. 

Figure  3-28  shows  a  typical  fixture  used  in  calibrating  in¬ 
ternal  sting-supported  balances.  It  is  an  accurately  machined  box 
with  precisely  located  V-shaped  grooves  in  which  the  loads  are  applied 
during  evaluation.  It  is  important  that  both  the  calibration  fixture 
and  the  model  be  aligned  with  the  balance  in  exactly  the  same  manner. 

All  fixtures  are  made  as  light  and  as  stiff  as  possible. 

Loads  applied  to  the  balance  components  are  considered  to  be 
absolute  loads.  Therefore,  the  weight  of  the  calibration  fixture  and 
even  parts  of  the  balance  must  be  considered  as  applied  load.  It  is 
sometimes  necessary  to  consider  the  angular  shifting  of  the  weight  vec¬ 
tor  with  respect  to  balance  measuring  sections  as  the  system  deflects 
under  load. 

The  attitude  adjustments  shown  in  Fig.  3-29  are  used  to  set 
the  original  attitude  of  the  calibration  fixtures. 

In  addition  to  the  loading  systems  mentioned  below,  several 
research  organizations  are  now  working  on  systems  which  more  or  less 
automatically  load  the  balances.  If  they  work  as  expected,  they  will 
make  all  the  necessary  loadings  in  less  than  four  days  as  compared  with 
the  four  weeks  required  with  existing  systems. 

The  type  of  basic  loading  system,  either  the  dead  weight  or 
the  jack  and  load-measuring  cell,  determines  the  actual  shape  of  the 
fixture. 


Dead-Weight  Loading  System. — When  the  dead-weight  system  is 
employed,  the  weights  are  applied  In  the  fora  of  cast-iron  disks  (ac¬ 
curate  to  0.1'^)  hanging  on  a  weight  pan  supported  on  a  double  set  of 
knife  edges  as  shown  in  Fig.  3-29.  The  weight  also  may  consist  of 
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lead  shot  In  a  bucket  (Fig.  3-30),  ehlcb  In  turn  is  supported  on  an 
accurate  strain-gage  load-aeasuring  cell  hanging  on  a  pair  of  knife 
edges.  The  latter  is  used  for  loads  of  SOO  to  3000  lb.  Figure  3-31 
shoes  bucket  details. 

In  one  variation  of  the  dead-eeight  systes,  nooents  are  ap¬ 
plied  by  aoving  ssall  weights  to  the  end  of  long,  accurately  located 
arns  nounted  on  the  balance  fixture  as  shown  in  Fig.  3-32.  With  this 
technique  it  is  possible  to  salntaln  a  constant  force  while  varying 
the  aosent,  which  simplifies  the  data-reduction  process.  In  addition, 
it  also  reduces  the  amount  of  weight  to  be  handled. 

It  is  usually  necessary  to  apply  forces  normal  to  a  calibra¬ 
tion-fixture  surface.  In  order  to  make  this  possible,  an  attitude- 
adjusting  system  as  shown  in  Fig.  3-29  is  provided.  The  position  is 
maintained  through  the  use  of  precision  levels  to  within  15  sec  of 
level  position. 

Jack  and  Load-Cell  Loading  System. — In  the  second  type  of 
loading  system,  shown  in  Fig.  3-33,  the  loads  are  applied  by  means  of 
a  hydraulic  Jack  in  series  with  a  load-measuring  cell  of  0.1^  accuracy, 
two  pairs  of  knife  edges,  and  a  push  rod.  This  system  is  used  only 
when  dead-weight  systems  become  Impractical  from  the  standpoint  of 
handling  the  weights,  because  of  space  limitations,  or  for  safety  rea¬ 
sons.  With  this  technique,  leveling  is  impractical.  As  a  result,  the 
push  rod  must  be  kept  normal  to  the  reference  surface  of  the  calibra¬ 
tion  fixture  by  accurate  clinometer  readings  and  a  rpller  box  as  shown 
in  Fig.  3-34.  The  roller  box  minimizes  the  possibility  of  applying 
undeslred  side  loads. 

3. 2. 8. 2  Readout  System 

The  readout  system  used  during  calibration  should  be  either 
the  exact  system  intended  for  use  in  the  tunnel  or  its  electrical  equiv¬ 
alent.  This  statement  is  particularly  true  if  the  balance  being  eval¬ 
uated  has  comparatively  high  stresses  under  the  gages  of  one  component 
due  to  the  loading  of  other  components  (Interactive  stresses). 

To  measure  the  effect  of  load  "A”  in  the  presence  of  load 
"B",  Illustrated  in  Fig.  3-35,  the  strain  gages  are  wired  as  shown  in 
( b)  of  the  figure.  It  will  also  be  seen  that  load  "B"  causes  an  equal 
compressive  (or  tensile)  stress  in  all  the  gages,  which  should  result 
in  no  bridge  output,  provided  that  the  gage  factor  of  each  gage  is  the 
same.  Usually  a  circuit  similar  to  Fig.  3-35(c)  is  used  for  the  pur¬ 
pose  of  zero  adjustment.  When  a  null-balmnce  load- indicating  system 
is  used,  the  circuit  shown  in  Fig.  3-35(d)  is  typical.  It  can  be  seen 
that  unless  special  care  is  taken  in  choosing  the  external  circuits  the 
effective  relative  gage  factor  of  each  am  is  no  longer  the  same,  and 
an  interaction  of  component  B  on  component  A  results.  Similarly,  it 
can  be  shown  that  even  though  the  same  readout  system  is  used  during 
the  balance  evaluation  period  it  is  possible  for  the  position  of  the 
zero-adjusting  potentiometer  to  affect  data  collected  during  tests  un¬ 
less  special  precautions  are  taken. 

3. 2. 8.3  Loading  Process 

The  purpose  of  the  procedure  for  determining  load  interac¬ 
tions  on  a  six-component  balance  is  to  furnish  data  from  which  equa¬ 
tions  may  be  derived  to  represent  the  response  of  the  balance  to  loads 


S.a.8.3 


NAVOtD  Beport  1488  (Vol.  8,  Sec.  20} 


likely  to  be  encountered  In  tunnel  testing.  That  Is, 


„  _ 1  _ _  noreal-torce  rending 
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Investigators  (at  the  Langley  Laboratory)  have  not  encountered  any 
terns  for  these  equations  which  are  higher  than  the  second  order,  al¬ 
though  aany  load  conbinations  have  been  nade  which  would  reveal  nany 
third-order  terns  if  they  were  present. 

The  26  first-order  and  second-order  interaction  terns  pos¬ 
sible  per  conponent  in  any  six-conponent  balance,  plus  the  one  sensi¬ 
tivity  tern,  are  tabulated  below. 
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For  the  sake  of  discussion,  the  interaction  terms  are  clas¬ 
sified  as  either  linear  or  nonlinear.  The  linear  terns  result  fron 
such  things  as  construction  errors,  improperly  positioned  gages,  varia¬ 
tion  in  gage  factor,  and,  as  brought  out  earlier,  electrical  circuits. 
The  nonlinear  terms  are  attributed  to  deflections. 

Table  3-2  lists  the  loadings  made  and  the  terms  revealed  by 
those  loadings  when  a  balance  with  a  system  like  that  in  Fig.  3-32  is 
evaluated.  The  forces  applied  at  the  end  of  the  long  arms  are  approxi¬ 
mately  one-tenth  of  the  design  force  in  that  direction. 

It  will  be  noted  that  the  loads  are  classed  as  primary  and 
secondary  loads.  The  primary  load  is  one  which  is  changed  incremen¬ 
tally  and  which  loads  only  one  component  on  the  balance.  Only  one  pri¬ 
mary  load  is  used  for  any  one  load  combination.  The  magnitude,  posi¬ 
tion,  and  alignment  of  this  load  must  be  accurately  known  in  order  that 
the  effect  of  the  incremental  changes  on  the  balance  may  be  accurately 
determined.  The  secondary  load  is  one  which  remains  constant  during 
the  period  the  primary  load  is  being  changed.  It  may  load  one  or  more 
balance  components  at  a  time  with  one  or  more  loads,  the  magnitude, 
position,  and  alignment  of  which  need  not  be  known  as  accurately  as 
those  of  the  primary  load  but  which  must  be  maintained  constant.  For 
this  reason  the  use  of  pulleys  in  making  these  loadings  is  acceptable. 
Pulley  loads  are  properly  aligned  with  the  reference  surface  of  the 
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calibration  fixture  by  aeans  of  optical  devices  and  squares. 

As  mentioned  earlier,  the  loadings  to  deteraine  the  effects 
of  force  are  each  made  at  the  aonent  center  (x=y=z=0). 

The  loadings  to  deteraine  the  effects  of  the  aoaents  are 
each  aade  by  applying  the  required  saall  force  at  the  aoaent  center 
before  zeroing  the  indicators  and  then  transferring  this  load  in  in¬ 
crements  to  the  end  of  the  proper  loading  arm.  This  procedure  results 
in  a  variation  of  aoaent  only,  the  small  force  remaining  constant 
throughout  the  loading. 

The  outputs  of  the  various  components  are  plotted  as  func¬ 
tions  of  the  component  which  is  varied  in  each  case.  The  result  is  in 
a  pattern  of  curves  similar  to  that  shown  In  Fig.  3-36.  These  plots 
are  usually  aade  as  soon  as  possible  to  serve  as  a  quick  check  on  bal¬ 
ance  characteristics.  The  smoothness  of  the  curves,  repeatability  of 
points,  discontinuities,  etc.,  are  all  indications  of  the  balance  quali¬ 
ties.  From  this  evaluation  it  is  usually  possible  to  decide  whether  or 
not  certain  components  of  the  balance  are  acceptable,  whether  certain 
loadings  should  be  repeated  because  of  unexplainable  data,  or  even 
whether  certain  gages  should  be  replaced  because  of  poor  bond  or  re¬ 
located  because  of  bad  Interactions. 

With  some  experience,  it  is  also  possible  to  check  the  plot¬ 
ted  data  and  roughly  approximate  the  interactions  present.  Then,  it 
should  be  possible  through  analysis  to  determine  the  sources  of  the 
interaction  terms  which  are  present.  After  this  is  done,  it  can  be 
decided  whether  a  reasonable  balance  alteration  will  decrease  the  in¬ 
teraction  and  whether  the  alteration  is  worthwhile. 


3. 2. 8. 4  Derivation  of  Interaction  Equations 


•  • 


To  illustrate  the  manner  in  which  balance  interactions  are 
reduced  to  equation  form,  it  is  assumed  that  only  pitching  moment,  m, 
and  normal  force,  N,  have  interactions  on  the  component  in  question 
(plotted  in  Fig.  3-36).  The  addition  of  other  components  merely  in¬ 
creases  the  number  of  possible  interaction  terms  and  the  operations 
required  to  determine  them.  The  terms  and  operations  illustrated  be¬ 
low  are  typical. 

The  meter  deflection,  9,  of  the  component  in  question  in 
terms  of  N  and  m  can  be  described  by  the  following  equation: 


0  =  Kj  N  +  K2  m  +  Kg  m^  +  Kg  Nm 


(3-42) 


By  substituting  the  values  of  the  end  points  as  determined 
from  the  curves  (having  due  regard  for  sign)  into  the  simple  equation 
below,  values  of  the  individual  constants  of  the  general  equation  may 
be  obtained. 


A  -  A, 


0^  =  Ki  ^ 


(3-43) 
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,  (B-  +  B.)  -  (Bj  +  B.) 

^ - - - -  4  - - — 


(3-44) 


f  2  ^ 

*(»)» ' 


(3-45) 


,  -  (B.  +  B-)  +  (B-  +  B.) 


(3-46) 


®H4.  =  *5 


(^1  ~  *-2^  ^*“3  ”  *^4^ 


(3-47) 


t  f 

In  this  sethod  the  values  of  and  are  obtained  froe  average  values 
of  Bj  and 
and  Bg,  or  B2  and  B^. 

The  sysbols  AN  and  da  represent  the  total  changes  In  those 
loads  froa  the  tine  the  zero  readings  were  taken  to  the  end-point  con¬ 
ditions.  The  synbols  M  and  a  represent  the  total  aagnltudes  of  the 
coaponents  present  (Including  the  weight  of  fixtures,  levels,  balance 
parts,  etc.)  which  are  supported  by  the  coaponent  being  Interacted  upon. 

t  f  t 

The  Interaction-equation  constants  (K|,  IC2,  etc.)  as  Just 

deternined  are  all  expressed  In  units  of  neter  deflection  per  unit  in¬ 
teractive  load.  In  order  to  free  this  interaction  equation  froa  the 
particular  readout  systea  used  during  the  calibration,  the  constants 
are  each  divided  by  the  sensitivity  constant  of  the  coaponent  being  In¬ 
teracted  upon  (expressed  in  neter  deflection  per  unit  load).  The  re¬ 
sult  Is  an  Interaction  equation  which  yields  a  correction  in  units  of 
apparent  load  on  the  coaponent  due  to  the  "interactive"  loading; 

Correction  =  Kj  N  +  K2  n  +  K3  +  K4  +  K®  Nw  (3-48) 

Extrene  care  nust  be  exercised  to  make  sure  that  the  Interaction  terns 
are  not  derived  to  fit  faulty  data.  There  should  be  a  feasible  explana¬ 
tion  for  the  existence  of  every  Interaction  tern,  which  would  tie  in 
directly  with  the  sources  of  linear  and  nonlinear  interactions  as 
brought  out  earlier. 

After  the  Interaction  terms  have  been  derived,  several  six- 
conponent  loadings  are  nade  with  known  forces  at  known  locations. 

Using  the  derived  equations,  the  forces  and  their  positions  are  then 
calculated  to  check  these  equations. 

A  typical  slx-conponent  wire  strain-gage  balance  of  3/4-ln. 
dianeter  (Fig.  3-37),  used  in  testing  external  stores  in  an  NACA  super¬ 
sonic  wind  tunnel,  was  designed  to  measure  any  cosbinatlon  of  the  fol¬ 
lowing  load  ranges; 


and  Bj  and  B^. 


Values  could  have  been  derived  fros  B. 
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Morwil  Force,  lb 
Axial  Force,  lb 
Side  Force,  lb 
Pitching  Moeent,  in. -lb 
Yawing  Moaent,  in. -lb 
Rolling  Moaent,  in. -lb 


(Mote  that 

the  value  listed  after  each  interaction-equation  tern  is  the  size  of 
the  tern  in  per  cent  of  full-scale  output  of  the  conponent  being  in¬ 
teracted  on  when  the  conponents  in  the  tern  are  equal  to  their  design 
values.  Also,  the  constants  for  the  terns  are  in  units  of  apparent 
load  on  the  conponent  due  to  Interaction  loading.) 


0  to 

+ 

40 

0  to 

-f 

7 

0  to 

20 

0  to 

+ 

85 

0  to 

+ 

60 

0  to 

+ 

15 

balance 

follow. 

Noraal  Force 


norMil-force  neter  deflection 
nornal-force  sensitivity  constant 


where 


Value  (%) 

=  0.00348  X  a  0.7 

-0.00105  X  Cl  0.7 

-0.000137  X  nl  0.3  ' 


Axial  Force  * 


axial- force  meter  deflection 
axial-force  sensitivity  constant 


e 


A 


where 

Value  (%) 


0.00367  X  N 

2.1 

-0.00141  X  m 

1.7 

+0.00375  X  e 

0.8 

-0.00213  X  n 

1.8 

+0.00328  X  C 

0.9 

+0.000334  X  NA 

1.3 

+0.00000991  X  n^ 

0.5 

-0.000152  X  nf 

1.9 

-0.000257  X 

1.4 

+0.000156  X  cf 

0.6 

+0,00000696  X 

0.7 

Pitching  Moment  =  -Patching-moment  meter  deflection _ 

pitching-moment  sensitivity  constant  m 


•  • 


where 


=  0.0224  X  N 
+0,134  X  £ 


•  •  • 


•  • 


value  (%) 
0.5 
1.2 
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Rolling  Moaent  = 


rolling-aoaent  aeter  deflection 
rolling-aoaent  sensitivity  constant 


‘I 


where 


-0. 


00146  X  m 

Value  («) 

0.7 

0000264  X  nm 

0.5 

D 


Yawing  Moaent 


yawing-aoaent  aeter  deflection 
yawlng-Moment  sensitivity  constant  ”  'n 


where 

Value  (^) 


€„  =  -0.0400  X  a  5.5 

Q 

-0.0630  X  t  1.5 

+0.0248  X  c  0.8 

-0.000373  X  N1  0.4 

+0.000444  X  b£  0.9 


Side  Force 


side-force  meter  deflection 
side-force  sensitivity  constant  ”  'C 


where 

Value  (^)  0  0 


0.00448  X  N 

0.9 

-0.00284  X  m 

1.2 

+0.0145  X  n 

4.3 

+0.0131  X  £ 

0.9 

+0.000507  X  n£ 

1.5 

+0.000437  X  m£ 

2.8 

Although  all  the  Interaction  terms  down  through  0.3'^  are 
listed  because  they  may  be  required  for  certain  tests,  it  is  frequently 

possible  to  eliminate  many  and  sometimes  all  of  the  interaction  terms  # 

because  they  may  be  negligible  under  the  test  conditions  expected. 

The  interaction  equations  will  differ  for  every  balance,  but 
they  may  be  similar  for  similarly  designed  balances.  At  OAL  it  was 
found  in  general  that  the  linear  variations  were: 
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and  -  0 
®  A  ~  f(N,C,m,n) 
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€.  =  £(C,n) 


=  £(".■) 


Figures  3-38,  3-39,  and  3-40  shoe  siepllfled  calibration  equipeent 
used  at  OAL. 

3. 2. 8. 5  Sources  of  Interactions  and  Methods  of  Elieination 

As  an  illustration  of  the  sources  of  interactions,  several 
teres  listed  in  the  preceding  set  of  interaction  equations  will  be  dis¬ 
cussed.  The  first  tere  listed  is  a  pitching-moment  Interaction  on  nor¬ 
mal  force  which,  if  the  pitching  moment  reaches  its  design  value  of 
85  in. -lb,  will  amount  to  0.7<t  of  full-scale  normal  force.  The  bal¬ 
ance  design  is  such  that  there  is  an  undesired  stress  under  the  normal- 
force  gages  which  is  proportional  to  the  pitching  moment.  This  particu¬ 
lar  interaction  could  be  caused  by: 

1.  Variations  in  the  cross-sectional  area  of  the  normal-force 

beams  in  the  vicinity  of  the  normal-force  gage  grids. 

2.  Gage-factor  variations  in  the  normal-force  gages. 

3.  Variations  in  gage  placement. 

All  three  causes  would  result  in  the  same  varied  responses  of  the  nor¬ 
mal-force  gages  to  pitching  moment,  which  more  than  likely  would  not 
cancel  each  other. 

The  slde-force-times-rolllng-moment  interaction  on  normal 
force  can  be  explained  from  a  deflection  standpoint.  As  a  rolling  mo¬ 
ment  is  applied  to  the  balance,  the  model  rotates  with  respect  to  the 
axis  of  the  balance  normal-force  section.  If  a  side  force  is  then  ap¬ 
plied  to  the  model  it  will  apply  a  force  component  to  the  normal-force 
beams.  This  interaction  component  is  therefore  proportional  to  side 
force  and  to  the  sine  of  the  rotation  angle  or,  since  the  angle  is 
small,  to  the  angle  or  rolling  moment. 

The  norma 1-force-times-axial- force  interaction  on  the  axial- 
force  component  is  an  example  of  another  type  of  nonlinear  interaction. 
This  can  best  be  illustrated  by  Fig.  3-41.  The  axial-force  section 
deflects  as  shown  when  an  axial  load  is  applied.  If  a  normal  force  is 
applied  at  the  same  time,  it  increases  the  flexure  stress  being  mea¬ 
sured  by  the  axial-force  gages  and  as  a  result  has  an  interacting  ef¬ 
fect  . 

An  example  of  interaction  Introduced  by  gage- location  error 
is  the  side-force  interaction  on  the  yawing-moment  component.  The 
beams  on  which  the  yawing-moment  gages  are  mounted  bend  in  an  S-shaped 
fashion  when  side  force  is  applied.  The  effective  grid  centers  of  the 
yawing-moment  gages  were  placed  with  extreme  care  at  the  point  of  in¬ 
flection  of  that  bending  pattern.  However,  the  tabulated  interaction 
Indicated  that  this  point  was  missed  by  several  thousandths  of  an  inch. 
The  fact  that  there  was  a  5.5^^  interaction  of  pitching  mome  "it  on  yawing 
moment  indicates  th?.-*-  the  gages  were  probably  also  misplaced  in  the 
transverse  direc-'i"- 


•  • 
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If  the  cross  section  of  the  Internal  balance  is  not  perfectly 
synnetrlcal  or  laterally  displaced  fros  the  true  longitudinal  axis,  a 
side  load  applied  to  the  balance  sill  result  in  an  interaction  on  the 
pitching-nosent  gages.  If  the  pitch ing-sonent  gages  are  skewed  slightly 
with  respect  to  the  balance  longitudinal  axis,  they  will  be  sensitive  to 
an  applied  rolling  nosent.  However,  reasonable  care  on  gage  alignnent 
will  usually  sake  this  interaction  negligible. 


UPPER  GAGES  TO  RIGHT  OF  AXIS, 

GAGES  ON  AXIS,  LOWER  GAGES  TO  LEFT  OF  AXIS,  PLAN  VIEW. 

SECTION  HOT  SQUARE  SECTION  SQUARE  GAGES  SKEWED 


Similar  statements  apply  to  the  side  force  and  yawing  moment, 
since  the  principle  of  measurement  is  identical  to  that  of  normal  force 
and  pitching  moment. 

The  major  source  of  rolling  moment  interactions  is  derived 
when  the  electrical  center  of  the  bridge  is  not  exactly  at  the  model 
centerline.  From  the  sketch  below,  it  is  apparent  that  either  or  both 
N  and  C  will  result  in  an  output  from  the  rolling-moment  bridge,  except 
in  the  singular  case  when  the  resultant  force  passes  through  the  model 
and  balance  axes. 


e|  =  f(C,N) 

It  is  obvious  that  the  longitudinal  location,  as  well  as  magnitude,  of 
N  and  C  would  affect  the  rolling  moment  if  the  balance  and  model  axes 
were  skewed  with  respect  to  each  other.  Hence, 

=  f(N,C,m,n) 

It  is  important  to  note  that  the  model  (instead  of  a  calibration  bar) 
should  be  used  for  an  accurate  rolling-moment  interaction  calibration, 
because  the  relationship  between  the  model  and  balance  axes  may  differ 
from  that  between  the  calibration  bar  and  balance  axis.  Further,  if 
such  interactions  do  exist,  it  is  essential  that  model  and  balance 
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orientation  in  roll  be  accurately  re-established  if  they  are  separated 
prior  to  the  test.  Otherwise,  the  interaction  calibration  will  be 
worthless. 


If  the  rolling  woeent  is  aeasured  external  to  the  model,  as 
shown  in  Fig.  3-18,  it  is  essential  that  the  balance  shaft  be  perfectly 
straight.  If  the  shaft  is  out  of  line  by  only  a  few  thousandths  of  an 
inch,  the  rolling-moment  error  will  increase  rapidly  with  angle  of  at¬ 
tack.  Rolling-moment  data  taken  at  two  roll  orientations  can  easily 
establish,  by  simple  trigonometric  relations,  which  way  and  by  how  much 
the  shaft  is  hent. 

It  is  possible  to  decrease  or  even  to  eliminate  many  of  the 
linear  interactions  by  one  or  more  of  the  following  approaches: 

1.  Re-machining 

2.  Changing  some  of  the  gages 

3.  Altering  effective  gage  factors  with  series  and  shunt  re¬ 
sistors 

4.  Taking  a  fraction  of  the  output  of  one  interacting  component 
and  adding  it  to  the  output  of  the  component  being  interacted 
with,  in  such  a  fashion  as  to  cancel  its  effect.  If  this  sys¬ 
tem  is  used  and  sequential  readout  is  not  permissible,  an 
additional  isolated  signal  is  required  from  the  Interacting 
component. 

Although  these  techniques  are  possible,  they  are  usually  not 
necessary,  especially  if  automatic  computers  are  used  in  the  reduction 
of  the  wind-tunnel  data. 

It  is  obvious  in  the  normal  force  expression,  for  example, 
that  N  Includes  components  which  have  in  themselves  Interactions  from 
other  components;  the  solution  therefore  will  not  be  an  exact  one. 

This  being  the  case,  the  order  in  which  the  components  are  corrected 
will  have  an  effect  on  the  accuracy  obtained  and  also  may  determine 
whether  or  not  iteration  is  required  to  obtain  the  desired  accuracy. 

The  loads  applied  to  a  balance  during  the  evaluation  process 
are  absolute  loads  and  include  the  weights  of  the  various  fixtures  in¬ 
volved  in  the  loading.  Since  the  interaction  terms  are  based  on  abso¬ 
lute  loads,  it  is  necessary  that  this  fact  be  considered  when  the 
balance  is  used  for  force  measurements  in  the  wind  tunnel.  Particular 
caution  should  be  exercised  if  nonlinear  interaction  terms  are  large  or 
if  comparatively  heavy  models  are  to  be  tested  on  the  balance.  Under 
these  conditions  the  Initial  loads  on  the  balance  caused  by  model  weight 
must  often  be  considered  in  reducing  the  data  in  order  to  make  proper 
nonlinear  interaction  corrections. 


3.2. 8. 6  Deflection  Calibration  (Ref.  130) 

It  is  a  simple  matter,  with  a  pre-test  deflection  calibration,  • 

to  ascertain  the  Incremental  angle  of  attack  or  sideslip  that  is  induced 
by  air  loads  on  the  model  when  these  loads  are  measured,  as  in  the  con¬ 
ventional  force  test.  However,  occasions  will  arise  when  the  over-all 
loads  on  the  model,  and  hence  the  deflection,  will  not  be  obtainable 
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in  this  fashion.  Such  a  case  is  encountered  when  the  model  is  instru¬ 
mented  to  measure  only  the  forces  on  the  model  surfaces  when  mounted 
on  the  body  (commonly  referred  to  as  a  hinge-moment  test). 

4  If  it  is  assumed  that  the  model  itself  does  not  bend,  the 

angular  deflection  of  the  tangent  to  the  centerline  of  the  cantilever 
beam  (or  model  support)  at  the  free  end  (taper  section)  is  equal  to 
the  angular  deflection  of  the  model  centerline.  To  find  the  angular 
deflection,  a,  of  the  model,  consider  the  sketch  below: 


L 


The  force,  N,  can  be  represented  as  shown  below  with  no  change  in 
deflect  ion. 


4 


Nk 


Then 


f 


..  _  NL^  ,  ML  _  NL^  +  2NxL 
"  ■  TIT  ET  2EI - 


(3-49) 


The  position  at  which  the  model  should  be  placed  so  that  there  is  no 
deflection  will  be  given  by 


4 


NL^  +  2NxL  =  0,  or 


(3-50) 


That  is,  the  center  of  pressure  should  be  over  the  center  of  the  support 
as  shown  in  the  next  sketch. 


Since  any  loading  condition  may  be  represented  by  a  force  and  a  moment 
41  about  Station  L/2,  the  above  expression  shows  that  the  deflection  is  a 

function  only  of  the  moment  at  that  station.  In  actual  practice  this 
positioning  of  the  model  on  the  beam  is  achieved  by  calibration  rather 
than  by  calculation. 


•  •  • 


•  •  • 


•  .  • 
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The  usual  practice  in  calibrating  deflection  of  a  complete 
model-balance  system  is  to  hang  the  normal-force  loads,  M,  on  the  model 
at  different  stations  and  to  measure  the  angle,  a,  through  which  the 
model  deflects.  This  deflection  angle  is  measured  on  the  model  so  that 
deflection  of  the  complete  system,  including  the  mounting  arc,  la  taken 
into  account.  Angles  of  deflection  are  then  plotted  against  normal 
force  as  shown  below. 


4  STATION 
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Slopes  of  the  above  curves  are  then  plotted  against  station 
or  distance.  This  results  in  one  linear  curve  which  defines  the  model 
deflection  in  terms  of  normal  force,  N,  as  shown  below. 


If  a  strain-gage  bridge  is  mounted  at  the  location  where 
(x/N  =  0,  then  the  angular  deflection  is  a  unique  function  of  the  moment 
at  that  station  {a  -  KM),  and  the  constant  K  is  determined  from  the 
calibration.  This  calibration  must  be  carried  out  in  both  the  pitch 
and  yaw  planes  of  the  model. 

A  situation  could  arise  werein  it  is  not  possible  to  mount  a 
strain  gage  at  the  unique  station  on  the  member.  In  this  case  it  might 
be  noted  that  an  error  in  angular  deflection  of  small  magnitude  may  be 
acceptable  if  the  strain  gage  is  mounted  as  near  as  possible  to  the  de¬ 
sired  point.  In  one  typical  example  (Ref.  130),  an  error  of  0.03  deg 
at  100-lb  normal  load  resulted  when  the  gage  was  mounted  1.0  in.  from 
the  desired  point. 

3. 2. 8. 7  Roll  Orientation  Calibration 

Experience  has  shown  that  large  residual  side  forces  and  yaw¬ 
ing  moments  may  be  caused  by  relatively  small  errors  in  the  model's 
surface  alignment  or  roll  attitude.  An  error  of  less  than  1  deg  in 
roll  setting  gives  residuals  much  greater  than  the  normal  statistical 
expect at  ion. 
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Deta  aay  be  corrected  for  some  ■isallgnaents  if  the  amount 
Is  known  accurately,  but  the  best  approach  Is  to  reduce  the  number  of 
possible  misalignments,  if  mechanically  practical. 

Misalignments  may  occur  in  many  ways.  The  entire  balance  sys¬ 
tem  can  be  misaligned  in  yaw,  the  model  can  be  set  at  an  angle  on  the 
internal  balance,  or  the  individual  aerodynamic  surfaces  of  the  model 
can  be  set  incorrectly  due  to  an  error  in  the  incidence-setting  device. 
Eccentricity  of  the  internal  balance,  which  is  seldom  checked  unless 
rolling-moment  data  looks  peculiar,  can  cause  residuals.  These  errors 
may  be  caused  by  1)  misalignment  of  the  model  in  roll  on  the  internal 
balance,  2)  an  incorrectly  "zeroed"  internal  balance,  or  3)  an  inexact 
roll-attitude  setting.  Calibration  errors  in  gage  factors,  distances, 
or  interactions  can  create  indications  of  residual  forces  and  moments, 
depending  upon  the  magnitude  of  the  errors. 

For  automatic  roll-indexing  supports  (Subsec.  3.5),  the  ac¬ 
curacy  with  which  models  are  positioned  in  roll  is  dependent  on  the 
following  factors; 

1.  Repeatability  of  the  automatic  roll-indexing  system 

2.  "Slop"  between  the  roll  slide-wire  and  the  shaft  which  sup¬ 
ports  the  Internal  balance 

3.  Deflection  of  roll-links  in  roll  and  drag  supports. 

These  factors  are  discussed  and  evaluated  below. 

Repeatability  of  Roll- Indexing  System. — The  roll-indexing 
system  considered  herein  consists  of  a  conventional  single-turn,  poten¬ 
tiometer  slide-wire  in  the  support,  a  variable  multi-turn  potentiometer 
with  a  1000-count  dial,  a  unit  which  senses  an  electrical  unbalance  be¬ 
tween  the  balance  slide-wire  and  the  potentiometer,  and  a  galvanometer 
that  registers  such  an  unbalance. 

The  first  step  in  making  a  roll-index  calibration  is  to  ad¬ 
just  the  system  to  an  electrical  balance  with  the  support  shaft  at  zero- 
roll  attitude  (0  =  0)  and  the  variable  potentiometer  at  a  predetermined 
value.  The  next  step  is  to  adjust  the  potentiometer  to  obtain  an  elec¬ 
trical  balance  at  each  roll  angle,  and  then  to  record  the  potentiometer 
dial  reading  at  each  roll  angle. 

The  potentiometer  dial  settings  used  to  position  models  during 
tests  are  values  obtained  by  averaging  dial  readings  from  two  or  more 
calibrations.  The  maximum  deviation  of  individual  calibration  dial  read¬ 
ings  from  average  values  used  during  tests  are  tabulated  below  for 


several 

typical  remote  roll 

supports 

used 

at  OAL. 

Support 

Designation 

-19A 

-20 

-21 

-23 

-24 

-33 

-38 

Number 

of  Calibrations 

5 

9 

5 

10 

14 

2 

2 

Maximum 

Deviation  (deg) 

0.64 

0.72 

0.51 

0.93 

0.60 

0.32 

0.27 

Average 

Max  Deviation  (deg) 

0.32 

0.36 

0.23 

0.50 

0.30 

0.13 

0.03 

The  first  four  supports  have  small-diameter  slide  wires  where¬ 
as  the  -24  and  -38  supports  have  a  much  larger  diameter  slide  wire  of 


4^ 
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the  saae  type.  Each  of  the  slide-vires  has  a  resolution  of  approzi- 
aately  3.0  counts/deg  rotation. 

It  is  believed  that  the  average  aaziaua  deviation  is  a  good 
estiaate  of  the  probable  errors  in  the  autoaatic  roll-indexing  systea. 
However,  since  the  aaxiaua  deviation  is  expected  to  increase  as  the 
nuaber  of  calibrations  increase  or  as  the  aaount  of  use  increases  (due 
to  slide-wire  wear,  etc.),  the  data  for  supports  having  the  greater 
nuaber  of  calibrations  should  be  aore  indicative  of  the  operational 
aagnitude  of  probable  errors  in  the  systea.  On  this  basis,  probable 
errors  in  this  particular  autoaatic  roll-indexing  system  are  believed 
to  be  about  +  0.3  to  +  0.5  deg  for  saall  diameter  supports,  and  +0.1 
to  +  0.3  deg  for  the  larger  diameter  supports.  (The  -24  and  -38  have 
the'same  diameter  slide  wires,  but  the  -24  had  seen  considerably  aore 
actual  service  than  the  -38  at  the  time  of  these  investigations.) 

"Slop"  Between  Roll  Slide-Wire  and  Shaft. — The  only  place  in 
the  roll  and  drag  measuring  supports  where  slop  exists  and  can  contrib¬ 
ute  to  roll  Indexing  inaccuracy  is  at  the  connection  of  the  bearing  end 
of  the  roll  link  to  the  forward  balance  shaft.  A  minimum  clearance 
should  be  allowed  between  the  outer  bearing  race  and  the  yoke  attached 
to  the  forward  balance  shaft.  In  the  OAL  supports  the  clearance  is 
0.002  in.,  and  the  slop  within  the  roll-link  bearing  is  approximately 
the  same.  The  total  slop  creates  an  error  in  roll  of  approximately 
0.17  deg.  The  slide  wires  should  be  at  the  forward  end  of  the  supports, 
between  the  model  and  the  roll  drive  linkages.  It  is  virtually  impos¬ 
sible  to  reduce  the  error  due  to  slop  and  still  allow  the  shaft  suffi¬ 
cient  axial  freedom  to  prevent  degradation  of  the  drag  measurements. 

Deflection  of  Roll  Links. — The  deflection  of  the  rolling- 
moment  measuring  link  is  dependent  upon  the  load  capacity  or  size  of 
the  link.  A  deflection  calibration  should  be  made  with  applied  rolling 
moment  as  the  variable.  The  calibration  may  be  accomplished  by  elec¬ 
trically  balancing  the  automatic  roll-indexing  system  with  an  inclinom¬ 
eter  attached  to  the  forward  end  of  the  balance  shaft.  The  system 
should  then  be  zeroed  with  an  applied  rolling  moment  equal  to  the  de¬ 
sign  load  limit  of  the  beam.  The  rolling  moment  should  be  reduced  in 
suitable  Increments,  and  after  each  change  the  balance  should  be  driven 
until  the  automatic  roll-indexing  system  indicates  that  the  slide  wire 
has  returned  to  the  initial  position.  The  angular  deflection  of  the 
forward  balance  shaft  with  respect  to  the  slide  wire  is  then  measured 
by  means  of  an  inclinometer.  Some  scatter  in  roll-attitude  measure¬ 
ments  (~  0.25  deg)  is  to  be  expected  since  it  is  not  possible  to  posi¬ 
tion  the  slide  wire  with  absolute  precision. 

The  roll-attitude  resolution  of  the  system  may  be  improved 
by  replacing  the  single-turn  slide  wire  with  high-precision  synchros 
( Norden  Ketay  synchros  are  reported  to  have  resolution  accuracies  of 
3  min  of  arc).  A  multi-turn  potentiometer  would  also  improve  the  reso¬ 
lution  of  the  system  (see  Subsec.  3.9).  However,  the  size  of  such  a 
unit  does  not  lend  itself  readily  to  installation  in  roll-indexing  sup¬ 
ports  of  this  size. 

3.3  External  Balances 

An  arbitrary  distinction  (Ref.  131)  is  made  between  external 
balances,  which  are  fixed  with  respect  to  the  ground,  and  internal 
balances,  which  are  not.  The  external  balance,  having  ample  space,  re¬ 
solves  Its  forces  and  moments  into  individual  components  at  a  fixed 
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point.  However,  there  are  numerous  sources  of  relative  motion  between 
this  fixed  point  and  the  model  which  must  be  accounted  for  In  correct¬ 
ing  the  data.  By  reducing  the  size,  the  Internal  balance  may  be  ar¬ 
ranged  so  that  it  rotates  with,  and  Is  directly  attached  to,  the  model. 
Therefore,  the  relative  motion  between  the  model  and  balance  can  usually 
be  neglected.  However,  the  internal  balance  is  usually  unable  to  re¬ 
solve  directly  all  the  forces  and  moments  to  individual  components. 

The  Individual  components  must  be  computed  by  means  of  a  set  of  simul¬ 
taneous  linear  equations,  which  include  the  various  interactions  be¬ 
tween  gages.  The  number  of  components  which  can  be  resolved  is  equal 
to  the  number  of  independent  bridges,  regardless  of  their  arrangement 
In  the  balance.  However,  the  usual  design  has  no  more  than  two  impor¬ 
tant  components  on  any  one  bridge.  The  same  basic  equations  can  be 
used  for  all  balance  data  reductions  for  either  type  of  balance;  but 
certain  steps  can  be  omitted,  depending  on  whether  the  balance  is  In¬ 
ternal  or  external.  In  an  Internal  strain-gage  balance,  deflections 
are  often  neglected,  while  interactions  are  not;  in  an  external  balance, 
interactions  are  neglected,  but  deflections  are  not.  There  are  occa¬ 
sional  exceptions  to  the  foregoing  assumptions. 


3.3.1 


Six-Component  Hydraulic  Balance 


A  cutaway  drawing  and  a  photograph  of  a  six-component  exter¬ 
nal  hydraulic  balance  system  (designed  by  Sandberg  and  Serrell, 

Pasadena,  Calif.)  for  a  20-in.  supersonic  wind  tunnel  is  shown  in 
Figs.  3-42  and  3-43.  The  total  system  consists  of  two  major  parts; 

1)  The  model  suspension  system  (built  by  Taller  and  Cooper,  Brooklyn, 
N.Y.),  and  2)  the  balance  system  (built  by  Boiler  and  Chivins,  Pasadena, 
Calif.) . 

The  model's  suspension  system  assembly  is  mounted  on  top  of 
the  balance  moment  table,  with  the  center  of  rotation  of  the  crescent¬ 
shaped  sector  on  the  tunnel  centerline.  In  order  to  eliminate  air 
loads  on  the  suspension  system,  the  entire  assembly  is  protected  by  a 
windshield  extending  to  the  model  base.  The  total  pitch-angle  range  of 
the  crescent  is  mechanically  limited  to  29  deg.  Aerodynamic  forces  on 
the  model  are  transmitted  through  the  suspension  system  to  the  force  and 
moment  tables. 
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The  balance  system  is  basically  a  two-table  assembly  consist¬ 
ing  of  a  moment  table  and  a  force  table.  Pitching,  rolling,  and  yawing 
moments  are  separated  at  the  moment  table,  and  the  lift,  drag,  and  side 
forces  at  the  force  table.  The  point  about  which  the  moments  are  mea¬ 
sured  is  the  focal  point  of  the  pyramidal  flexure  arrangement  and  is 
coincident  with  the  center  of  rotation  of  the  model  suspension  system. 

Each  force  and  moment  component  is  converted  to  a  hydraulic 
pressure  by  a  force-sensing  element  called  a  load  cell.  The  output  of 
the  load  cell  is  piped  to  a  weighing  beam,  where  a  servo-driven  poise 
weight  balances  the  hydraulic  pressure,  and  the  position  of  the  poise 
weight  is  subsequently  digitized  as  the  final  output.  A  schematic  dia¬ 
gram  of  the  hydraulic  system  is  shown  in  Fig.  3-44.  The  six  weighing 
beams  are  shown  in  Fig.  3-45. 

The  operation  of  the  external  balance  involves  testing  tech¬ 
niques  and  special  requirements  which  are  usually  unnecessary  for  six- 
component,  internal  strain-gage  balance  systems.  For  example,  it  is 
necessary  to  ensure  that  there  is  no  air  flow  in  or  out  of  the  annulus 
between  the  model  sting  mount  and  the  windshield  leading  edge  during  a 
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run.  The  technique  used  at  present  to  prevent  this  annulus  flow  is  to 
adjust  the  pressure  inside  the  windshield  or  balance  tank  so  that  it 
is  equal  to  the  model  base  pressure.  A  large  vacuum  pump  attached  to 
the  balance  tank  is  used  for  this  purpose.  Since  the  base  pressure  nay 
vary  with  the  model  attitude,  an  operator  must  monitor  and  control  the 
windshield  pressure. 

In  order  to  minimize  the  aerodynamic  interference  effects  of 
the  model  support  system,  the  sting  and  windshield  should  be  made  as 
small  as  possible.  The  clearance  annulus  between  the  windshield  and 
sting  is  often  as  small  as  1/32  in.,  which  means  that  the  sting-wind¬ 
shield  tracking  servo  system  must  be  maintained  in  the  best  possible 
operating  condition.  Experience  Indicates  that  the  balance  can  be 
damaged  as  a  result  of  mechanical  interference  between  the  windshield 
and  sting.  Therefore,  it  may  be  necessary  to  provide  a  safety  system 
to  protect  the  balance  against  fouling. 

It  is  wise  to  recalibrate  the  balance  once  a  year.  The  time 
required  for  calibration  is  relatively  long  because  extreme  care  must 
be  exercised  in  order  to  give  the  required  accuracy.  The  precision  re¬ 
quired  in  the  rigging  of  the  loading  wires,  for  example,  is  determined 
by  the  capability  of  the  balance  to  establish  with  accuracy  the  point 
of  application  of  the  load.  In  the  JPL  balance  it  was  necessary  to  de¬ 
termine  the  point  of  application  to  within  0.02  in.  for  a  load  of  20  lb. 

One  of  the  persistent  problems  associated  with  the  balance 
Involves  the  model.  Each  contractor  must  design  and  fabricate  his 
model  so  that  it  can  be  mounted  successfully  on  the  balance  suspension 
system  without  access  to  the  actual  balance  prior  to  test.  During  a 
typical  pre-test  setup  week,  the  model  is  fitted  to  a  mockup  which  rep¬ 
resents  the  actual  balance  sting  and  windshield  mounts.  At  this  time, 
bench  calibrations  are  made  to  determine  the  sting  deflection  constants 
and  the  physical  relationship  between  the  model  and  the  sting  center- 
line  for  the  data  reduction  procedure. 

3.3.1. 1  Advantages  of  the  External  Balance 


As  a  measuring  instrument  the  external  balance  offers  three 
major  advantages.  The  first  of  these  advantages  is  a  capability  for 
measuring  relatively  large  forces  and  moments  to  an  exceptionally  high 
degree  of  accuracy.  Its  pitching-moment  component,  for  example,  can 
determine  the  center  of  pressure  for  a  body-alone  model  with  l/D  =  10 
within  one-tenth  of  a  caliber.  One  of  its  best  characteristics,  how¬ 
ever,  is  its  capability  to  obtain  an  adequate  measure  of  the  small  axial 
force  simultaneously  with  a  highly  accurate  measure  of  large  lift  and 
drag  forces.  This  capability  helps  to  solve  the  problem  of  obtaining 
accurate  minimum  drag  (axial)  forces  with  a  balance  designed  to  measure 
much  larger  loads.  Measurement  of  the  axial  force  is  one  of  the  major 
problems  of  wind-tunnel  testing,  since  the  error  in  the  axial  force  is 
often  of  the  same  magnitude  as  the  force  itself.  An  external  balance 
having  a  repeatability  of  0.2^  is  adequate  for  most  purposes.  Com¬ 
parison  of  free-flight  and  wind-tunnel  drag  data  for  several  missiles 
reveals  that  both  sets  of  data  have  about  the  same  scatter.  When  wind- 
tunnel  results  are  corrected  for  base  pressure  and  boundary- layer  tran¬ 
sition,  they  agree  with  the  free-flight  data  to  within  ^5^,  (Methods 
of  determining  the  position  of  boundary- layer  transition  are  treated 
in  Subsec.  6.4. 
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The  rolllng-eoaent  seneltivity  or  accuracy  of  the  balance  In 
general  in  sufficient  for  airplane  uodela.  Hoeever,  the  balance  is  not 
accurate  enough  to  neasure  the  seall  induced  rolling  uoaent  of  a  typi¬ 
cal  nissile  nodel.  This  inaccuracy  can  be  attributed  to  interaction 
effects,  which  nay  be  obviated  by  placing  a  separate  roll  balance  in 
the  nodel  sting. 

The  second  najor  advantage  of  the  external  balance  is  that 
the  nodel  nay  be  nounted  at  any  desired  location  with  respect  to  the 
nonent  center  of  the  balance.  The  full-scale  center  of  gravity  of  the 
nodel  is  usually  nade  coincident  with  the  nonent  center  of  the  balance 
in  order  to  ellnlnate  the  errors  incurred  in  transferring  nonents. 

This  is  particularly  advantageous  for  very  thin  configurations  such  as 
delta  wings,  within  which  it  would  be  Inpoesible  to  store  a  strain-gage 
balance  systen.  Other  models  in  this  category  are  very  short,  odd¬ 
shaped  bodies  or  extrenely  thin  models  such  as  a  nissile-plus-booster 
configuration.  It  should  also  be  noted  that  the  basic  configuration 
models  or  "build-up"  study  models  used  with  the  external  balance  nay 
be  manufactured  quickly  and  inexpensively  as  discussed  further  in  Sub¬ 
sec.  8.3.1. 


The  last  and  perhaps  the  greatest  advantage  of  the  external 
balance  is  that  the  space  inside  a  typical  airplane  or  missile  nodel 
remains  available  for  other  purposes.  The  number  of  pressure  orifices 
that  can  be  accommodated  is  limited  only  by  the  number  of  leads  that 
the  internal  diameter  of  the  sting  support  will  carry.  Models  often 
carry  such  components  as  a  remote-control  drive  and  position  indicator, 
which  make  it  possible  to  measure  control-surface  effectiveness  di¬ 
rectly  by  varying  the  control-surface  angle  during  the  run.  The  aero¬ 
dynamic  forces  and  moments  applied  to  control  and  lifting  surfaces  are 
often  measured  internally.  One  may  thus  obtain  such  additional  com¬ 
ponent  data  simultaneously  with  the  external  balance  data. 

3. 3. 1.2  0P®.*iat ional  Performance,  Range,  and  Accuracy  of  the  External 

Balance 
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The  operational  performance  presented  below  is  that  of  the 
JPL  balance  system  that  has  been  in  almost  constant  use  for  several 

years.  ^ 


Load  Ranges 


Load 

High  Range 

Low  Range 

Lift  (  lb) 

300  to  -200 

30  to  -20 

Drag  ( lb) 

300  to  -200 

30  to  -20 

Side  Force  ( lb) 

100  to  -100 

10  to  -10 

Pitching  Moment  (in. -lb) 

2000  to  -2000 

200  to  -200 

Rolling  Moment  (in. -lb) 

1000  to  -1000 

100  to  -100 

Yawing  Moment  (in. -lb) 

1000  to  -1000 

100  to  -100 

•  • 
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Bench  Calibration  Accuracy  and  Air-on* 
Repeatability  in  any  Run 


High  Range 

Low  Range 

Force  ( lb) 

+  0.1 

+  0.02 

Moment  (in. -lb) 

+  1.0 

+  0.2 

Accuracy  (^) 

0.1 

0.2 

^Exception:  Pitching  eoeent  drifts  approximately  of  low  range  dur¬ 

ing  first  half-hour  run  after  overnight  shutdown. 


Air-on  Accuracy  Between  Runs 
(from  5  Identical  runs) 


High  Range 

Low  Range 

Force  ( lb) 

+  0.1 

+  0.03 

Moment  (in. -lb) 

+  1.0 

+  0.3 

Accuracy  (^) 

0.1 

0.3 

Interactions. — All  linear  and  less  than  I*?  of  balance  range 
on  any  component  under  full  load  conditions.  Average  of  all  interac¬ 
tions  is  1/3^^. 

Deflections. — All  linear  and  repeatable  to  0.005  in. 

3.3.2  Ref lect ion-Plane  Technique 

"Reflection-plane"  or  "half-model"  testing  are  terms  applied 
to  the  general  field  of  wind-tunnel  testing  that  makes  use  of  a  model 
divided  at  its  plane  of  symmetry.  The  half-model  may  be  mounted  on 
the  tunnel  sidewall  or  on  a  splitter  plate.  In  the  former  the  model 
is  attached  directly  to  the  tunnel  wall  (with  or  without  a  boundary- 
layer  spacer),  while  in  the  latter  the  model  is  attach'  to  a  splitter 
plate  or  reflection  plane  that  is  mounted  at  some  distance  from  the 
tunnel  wall  in  order  to  avoid  the  effects  of  the  tunnei-wall  boundary 
layer. 


The  splitter  plate  is  merely  a  flat  surface  used  in  conjunc¬ 
tion  with  a  wall-mounted  balance.  It  is  usually  mounted  on  a  steel 
frame  that  is  interchangeable  with  the  test-section  window  (Fig.  3-46). 
The  leading  and  trailing  edges  at  the  plate  centerline  are  supported  by 
a  wedge-shaped  island  that  is  just  wide  enough  to  accommodate  the  model 
support  shaft.  The  contours  under  the  plate  must  be  carefully  estab¬ 
lished  to  avoid  choking  flow  and  a  resultant  detached  shock  wave  ahead 
of  the  plate.  This  may  be  accomplished  by  filling  the  frame  with  lead 
and  re-fairing  the  contours  until  satisfactory  flow  characteristics  are 
attained. 


The  plate  leading  edge  should  be  swept  at  an  angle  that  as¬ 
sures  a  supersonic  leading  edge  at  the  minimum  Mach  number  and  should 
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be  beveled  on  the  under-surface  to  a  sharp  leading  edge.  Experience 
shows  that  the  flat  surface  of  the  plate  should  be  ground  to  a  toler¬ 
ance  of  +  0.001  in.  before  the  leading-edge  under-surface  is  beveled. 
Then,  lf~the  leading  edge  should  curl  due  to  residual  stress  relief, 
the  sharpness  can  be  restored  by  a  final  grinding  cut.  The  plate  should 
be  fabricated  of  stainless  steel  to  eliminate  corrosion,  and  a  protec¬ 
tive  metal  cover  should  be  provided  to  prevent  scratches,  nicks,  and 
dents  from  marring  the  surface  when  the  plate  is  not  in  actual  use. 

There  are  many  advantages  to  the  reflection-plane  technique. 

In  the  first  place  it  may  be  used  to  obviate  the  sting  effect  on 
pointed  afterbodies.  For  transonic  and  supersonic  testing,  such  models 
are  sting  mounted,  requiring  that  the  pointed  afterbody  be  modified  to 
receive  the  sting  and  the  resultant  data  corrected  in  some  manner  to 
account  for  this  modification.  A  half  model  may  be  tested  without  any 
aerodynamic  modification.  The  conventional  subsonic  strut  support  in 
wings  or  fuselage  is  not  acceptable  for  supersonic  testing.  High  loads 
would  demand  large  struts  which  would  produce  unwanted  interference  ef¬ 
fects.  Tests  made  at  NAE  (Ref.  132)  with  half-models  and  full-scale 
models  of  various  sized  bodies  of  revolution  have  shown  that  the  fric¬ 
tional  drag  may  be  accurately  determined  by  means  of  the  reflection- 
plane  technique.  Fair  agreement  in  normal-force  and  pitching-moment 
measurements  at  low  angles  of  attack  on  half  and  on  complete  winged- 
cone-cylinder  models  was  found  at  OAL  for  roll  angles  up  to  45  deg. 

Another  advantage  in  this  technique  is  that  in  general  it 
allows  the  use  of  larger  scale  models.  Full  scale  tests  of  a  missile 
wing  of  16-in.  chord  and  span  were  successfully  run  in  a  19  x  27.5-in. 
test  section  at  a  Mach  number  of  2  and  a  dynamic  pressure  of  12  psi. 

Investigations  of  hinge  moments  and  control-surface  effective¬ 
ness  have  used  the  reflection-plate  technique  to  great  advantage.  The 
Jet  Propulsion  Laboratory  has  conducted  a  large  number  of  tests  using 
half  models  of  missile  configurations  with  boundary- layer  spacers  to 
determine  control-surface  effectiveness  and  hinge  moments.  Comparison 
of  these  results  with  sting-mounted,  complete-model  tests  and  flight- 
test  data  has  been  quite  good  and  has  shown  that  fore-shortening  the 
body  or  varying  the  boundary- layer  spacer  thickness  has  little  effect 
on  the  results.  The  balance  used  in  these  investigations  was  a  four- 
component  (no  side  force  or  yawing  moment),  orthogonal,  strain-gage 
type  with  the  roll  axis  about  four  Inches  from  the  model  axis.  The 
balance  rotated  in  pitch  with  the  model,  and  measured  body-axis  forces. 

Half-model  tests  have  also  proved  most  useful  in  inlet  studies. 

One  of  the  major  problems  in  the  use  of  reflection  plates  is 
that  of  the  size  of  the  gap  between  the  half-model  and  the  plate  or  the 
tunnel  wall.  The  boundary- layer  spacer  effect  for  sidewall-mounted 
models  has  been  checked  (Ref.  133)  at  David  Taylor  Model  Basin.  It  was 
found  that,  for  spacers  between  1  and  2  tunnel-wall  boundary- layer  dis¬ 
placement  thicknesses,  the  pressure  distribution  over  the  model  for 
moderate  angles  of  attack  agrees  with  those  for  a  complete  sting-mounted 
model  to  within  +  1^. 

For  high  angle-of-attack  testing,  DTMB  constructed  a  wall 
balance  on  which  half-models  on  a  circular  face-plate  are  mounted. 

This  faceplate  is  flush  with  the  tunnel  wall  and  is  a  part  of  the  bal¬ 
ance.  Tare  data  are  obtained  by  mounting  the  half-model  adjacent  to, 
but  not  touching,  the  balance  faceplate.  Results  showed  that  the  mag¬ 
nitude  of  the  gap  between  the  half-model  and  the  faceplate  did  not  af¬ 
fect  the  tare-data  results.  Measurements  on  the  half-model  indicated 
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thmt  wall-balance  half-eodel  data  agreed  well  with  full-wodel  sting- 
balance  data  when  the  shim  between  half-model  and  faceplate  was  two- 
ninths  of  the  total  boundary- layer  thickness.  This  value  agreed  rea¬ 
sonably  well  with  the  NAE  value  (Ref.  132).  The  balance  is  described 
in  detail  in  Ref.  134.  British  and  French  efforts  in  this  field  are 
given  in  Refs.  117  and  118. 

3.3.2. 1  Side-Wall  Balance 

Figure  3-47  shows  a  side-wall  balance  that  is  essentially  a 
cantilever  beam  mounted  in  bearings  and  restrained  from  rotation  (pitch¬ 
ing  for  the  model)  by  a  strain-gage  beam  that  measures  the  model  pitch¬ 
ing  moment.  The  internal  balance,  with  model  attached,  may  be  rotated 
about  the  beam  axis  by  means  of  a  worm  gear  drive  to  any  predetermined 
angle  of  attack  (up  to  +  90  deg)  by  use  of  a  commercial  machine  index 
plate,  which  is  shown  in  Fig.  3-48.  The  aft  end  of  the  model  support 
spindle  is  standardized  to  fit  the  balance,  and  the  front  or  model  end 
may  be  designed  to  suit  individual  model  requirements  as  shown  in 
Figs.  3-49  and  3-50.  This  balance  is  particularly  versatile  since  the 
main  shaft  is  readily  interchangeable  with  other  shafts  which  are  de¬ 
signed  for  the  air  loads  anticipated  on  the  model.  Four  strain-gage 
bridges  mounted  on  the  model  spindle  and  one  bridge  mounted  on  the 
pitching  moment  cantilever  beam  give  the  aerodynamic  forces  and  moments 
for  the  entire  model  configuration.  The  spindle  or  Internal  balance  is 
usually  made  weaker  in  the  axial  force  than  the  normal  force  direction 
to  improve  sensitivity  in  measuring  axial  force,  which  is  usually  a 
fraction  of  the  normal  force.  The  amount  that  the  beam  can  be  weakened 
is  governed  by  deflection  rather  than  load,  because  the  axial  force  and 
resulting  yawing  moment  of  the  model  tends  to  make  the  base  of  the  model 
bind  against  the  reflection  plate  or  tunnel  wall  when  the  clearance  be¬ 
tween  model  and  reflection  plane  is  as  small  as  desired  (see  Sub¬ 
sec.  3.3.2). 

3. 3. 2. 2  Flexure-Pivot  Wall  Balance 


The  heavy-duty  balance  shown  in  Fig.  3-51  is  designed  on  the 
flexure-pivot  principle  and  used  to  measure  components  of  lift,  drag, 
pitching  moment,  yawing  moment,  and  rolling  moment  in  wind  axes.  It 
has  been  used  with  and  without  a  boundary-layer  or  splitter  plate. 

When  used  with  the  boundary- layer  plate,  the  balance  and  the  plate 
mount  on  an. adapter  that  fits  into  one  of  the  test-section  windows. 

This  requires  that  model  changes  be  made  through  the  opposite  window. 
When  models  are  mounted  on  the  wall  of  the  tunnel,  it  is  possible  to 
swing  the  support  from  the  tunnel  wall  to  expose  the  model. 

The  model  is  mounted  on  a  spindle  (Fig.  3-52),  in  the  center 
of  the  support,  which  is  rotated  to  vary  the  angle  of  attack  of  the 
model.  A  vernier  protractor  mounted  on  the  end  of  the  spindle  regis¬ 
ters  the  angle  of  attack.  The  spindle  is  supported  by  a  series  of  pre¬ 
stressed  links  on  which  resistance  strain  gages  are  mounted. 

The  maximum  forces  to  which  the  balance  can  be  subjected  are 
mainly  a  function  of  the  net-load  location  and  the  stresses  under  the 
strain  gages.  The  maximum  allowable  lift  and  drag  loads  for  this  bal¬ 
ance  are  shown  in  Fig.  3-53.  In  order  to  assure  repeatable  results,  it 
is  advisable  to  limit  the  loads  in  order  that  the  net- load  location 
never  travels  more  than  1.8  in.  from  the  hinge  line.  The  maximum  de¬ 
sign  pitching  moment  is  1600  in. -lb  and  the  lift  load  is  900  lb.  If 
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several  traverses  of  the  angle-of-attack  range  are  sade  and  if  the  sup¬ 
port  is  used  within  the  llsitations  quoted,  the  scatter  of  the  data 
will  be  in  the  order  of  +  2  lb  for  drag,  +  5  lb  for  lift,  and  +  10  in. -lb 
for  pitching  aonent. 

3.4  Hinge-Mosent  Balances 


One  of  the  sost  exacting  requirements  in  wind-tunnel  testing 
is  that  of  obtaining  hinge  moments  of  variable- incidence  surfaces  in 
the  interference  flow  field  of  other  components  of  the  total  configura¬ 
tion.  It  is  relatively  simple  to  obtain  wing  panel  loads  and  hinge 
moments  of  isolated  surfaces  to  the  desired  accuracy  on  external  bal¬ 
ances  such  as  those  described  in  Subsec.  3.3.2.  On  the  other  hand  the 
problem  of  measuring  individual  panel  loads  on  a  three-dimensional 
model  such  as  that  shown  in  Fig.  3-54  may  be  very  difficult.  Most  of 
the  difficulty  stems  from  the  fact  that,  in  order  to  accommodate  the 
total  configuration  in  the  average  sized  supersonic  wind  tunnel,  the 
wing  must  be  of  much  smaller  scale  than  it  is  for  a  wing-alone  test. 

In  the  first  place  the  reduced  size  has  inadequate  space  for  the  neces¬ 
sary  control  and  measurement  instrumentation.  In  the  second  place,  the 
hinge  moment  varies  as  the  cube  of  the  scale  factor.  If  the  hinge  mo¬ 
ment  of  a  full-scale  surface  is  100  in. -lb,  that  of  a  one-tenth  scale 
model  would  be  reduced  to  0.1  in. -lb.  The  difficulty  of  making  accur¬ 
ate  hinge-moment  measurements  is  also  Increased  by  the  fact  that  the 
hinge  line,  in  most  practical  cases,  is  placed  as  close  to  the  center 
of  pressure  as  is  possible  in  order  to  minimize  the  absolute  value  of 
the  hinge  moment  and  thereby  minimize  the  servo  power  requirements  of 
the  missile. 

Figures  3-55  and  3-56  show  a  hinge-moment  balance  in  which 
the  pure  torsional  moment  on  the  shaft  from  the  wing  is  resisted  by  a 
cantilever  beam  and  knife-edge  support,  and  measured  by  strain  gages 
mounted  on  the  cantilever.  Normal  force  may  be  calculated  by  dividing 
the  difference  of  the  hinge  moments  recorded  at  two  hinge-line  loca¬ 
tions  by  the  distance  between  the  hinge  lines.  This  not  only  involves 
running  the  model  in  two  positions  with  respect  to  the  shaft  but  re¬ 
quires  a  careful  determination  of  the  angle  of  inclination  of  the  panel 
to  the  air  flow.  Correction  must  be  made  for  the  difference  in  deflec¬ 
tion  with  the  change  in  load.  If  the  cantilever  beam  is  fixed  to  the 
shaft,  the  incidence  of  the  aerodynamic  surface  may  be  changed  by  vary¬ 
ing  the  height  of  the  knife-edge  support.  Some  designs  may  restrict 
the  use  of  this  method  for  changing  incidence,  and  it  may  be  necessary 
to  change  the  incidence  by  clamping  the  cantilever  beam  to  the  shaft 
after  the  incidence  of  the  surface  is  set.  One  disadvantage,  however, 
of  this  form  of  balance  is  that  the  shaft  from  the  surface  passes 
through  oillte  bronze  bearings  and  is  subjected  to  some  frictional 
forces  due  to  the  bearings.  Most  of  this  friction  could  be  eliminated 
if  a  ball  bearing  or  needle  bearing  were  used.  However,  in  some  cases 
the  dimensional  geometry  of  the  model  may  prohibit  the  use  of  low- 
friction  bearings. 

Three-component  panel  loads  (normal  force,  hinge  moment,  and 
bending  moment  about  the  root  chord)  can  be  measured  by  using  the  sys¬ 
tem  shown  in  Figs.  3-57  and  3-58.  The  advantage  of  this  system  is  that 
no  frictional  forces  are  present  in  the  system  and  that  normal  force 
can  be  measured  directly  when  a  fully  Instrumented  cantilever  beam  is 
used.  The  cantilever  beam  is  mounted  parallel  to  the  geometric  chord 
of  the  wing  when  it  is  at  zero  incidence  and  is  so  designed  that  in¬ 
cidence  pins  can  be  inserted  to  change  the  surface  incidence.  The 


•  • 


178 


Force  Measureeent 


hinge  monent  Is  conputed  as  a  function  of  the  noraal  force,  the  aovent 
at  the  forward  hlnge-moaent  bridge,  and  the  distance  frow  the  bridge  to 
the  hinge  centerline.  Gages  wounted  45  deg  to  the  centerline  of  the 
beam  and  at  90  deg  to  each  other  measure  the  torsional  moment  In  the 
beam  (panel  bending  moment).  The  panel  bending  moment  about  some  span- 
wise  reference  point  Is  computed  as  a  function  of  the  normal  force,  the 
torsional  moment,  and  the  distance  from  the  centerline  of  the  cantilever 
beam  to  the  reference  point,  usually  taken  as  the  panel  root  chord. 

The  wing-alone  model  In  the  lower  part  of  Fig.  3-57  was  de¬ 
signed  to  measure  three-component  data  on  each  of  two  wing  panels  that 
are  Identical  to  those  In  the  upper  photo.  In  this  case,  the  wing  was 
made  Integral  with  the  Instrumented  beams.  In  order  to  prevent  unde¬ 
sirable  air  loads  on  the  beams,  a  windshield  was  provided.  Severe 
buzzing  observed  at  the  windshield  lip  was  eliminated  by  adding  the 
vent  hc''es  shown.  Some  flow  passed  through  the  windshield,  but  a  com¬ 
parison  of  data  showed  reasonably  good  correlation  with  that  taken 
from  the  integrated  model  with  the  body  at  zero  angle  of  attack  and 
the  w'.ng  incidence  varied. 

Another  example  of  this  technique  is  shown  in  Fig.  3-59, 
where  the  extreme  boattail  angle  did  not  permit  insertion  of  the  in¬ 
cidence  pins  in  the  retracted  position.  The  thumb  screw  shown  is  used 
only  to  withdraw  the  instrumented  beam  from  the  model  by  rotating  about 
the  internal  hinge  mounted  forward  in  the  model.  This  screw  is  removed 
during  test. 

One  undesirable  feature  of  the  cantilever  beam  arrangements 
shown  in  Figs.  3-57  and  3-59  is  the  inherent  errors  in  measured  hinge 
moment  introduced  by  the  fact  that  both  strain-gage  bridges  must  be 
located  on  the  same  side  and  at  some  distance  from  the  hinge  line  about 
which  the  measurements  are  desired  (see  Subsec.  3.2.4).  At  an  Increase 
in  model  expense  and  required  testing  time,  it  is  possible  to  circum¬ 
vent  this  problem  by  making  the  surface  and  the  instrumented  beam  out 
of  a  single  piece  as  shown  in  Fig.  3-60.  Separate  components  must  be 
made  for  each  unique  incidence  setting  required;  however,  it  is  pos¬ 
sible  to  locate  the  strain-gage  bridges  in  such  a  manner  as  to  straddle 
the  hinge  line.  One  other  attribute  of  this  particular  technique  is 
that  the  wing  panel  and  instrumented  beam  are  absolutely  fixed  in  re¬ 
lation  to  each  other.  Once  an  accurate  calibration  is  made,  no  errors 
can  result  from  a  change  in  the  relative  location  of  the  two  components. 
A  similar  technique  is  described  in  Ref.  117. 


3.4.1  Sting-Mounted  Hinge-Moment  Models 

In  large  wind  tunnels,  where  larger  models  are  used,  it  is 
quite  feasible  to  obtain  surface  hinge  moment  and  load  data  at  the  same  ^ 

time  that  the  conventional  six-component  over-all  force  data  are  mea¬ 
sured.  However,  in  the  intermediate  and  smaller  wind  tunnels  this  is 
usually  not  the  case.  The  one  exception  in  the  latter  case  is  the 
20-in.  JPL  tunnel  where  the  external  six-component  balance  described 
in  Subsec.  3.3.1  lends  itself  admirably  to  such  combined  measurements, 
since  the  model  interior  is  available  for  hinge-moment  instrumentation 

and,  in  some  instances,  for  remote  incidence  changing  devices.  • 

In  each  of  the  hinge-moment  models  shown  in  Figs.  3-57,  3-59, 
and  3-60,  the  sting  mount  is  an  integral  part  of  the  model  when  the 
unit  is  assembled.  The  cantilever  beams  are  mounted  rigidly  to  the 
model  or  sting  and  are  shielded  from  air  loads  by  a  body  shell  that 
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slips  over  them.  Sufficient  clearance  Is  provided  in  the  body  shell 
around  the  wing  hubs  to  prevent  mechanical  interference  under  load. 
Great  care  should  be  taken  to  minimize  airflow  through  the  aperture 
in  the  body  shell  so  that  spurious  air  loads  on  the  instrumented  beam 
are  negligible  and  temperature  gradient  difficulties  described  in  Sub¬ 
sec.  3.1.3  are  avoided.  Although  such  sting  mounts  are  considerably 
more  rigid  than  the  conventional  Internal  balance,  some  angular  deflec¬ 
tion  in  angle  of  attack  is  experienced  due  to  the  over-all  air  loads  on 
the  model,  and  the  true  angle  of  attack  must  be  established  in  the  man¬ 
ner  described  in  Subsec.  3. 2. 8. 6. 

One  unique  design  feature  of  the  system  shown  in  Fig.  3-60 
is  that  the  airflow  was  required  through  the  model  in  sufficient  quan¬ 
tity  to  prevent  a  normal  shock  from  forming  ahead  of  the  nose-inlet 
diffuser.  This  was  accomplished  by  splitting  the  flow  just  downstream 
of  the  inlet  into  four  quadrants.  The  Instrumented  hinge-moment  beams 
were  embedded  in  the  horizontal  arms  of  the  resulting  plus-shaped  sec¬ 
tion.  Two  dummy,  or  uninstrumented,  wing  panels  were  mounted  in  the 
vertical  arm  of  the  plus-shaped  section. 


3.4.2  Calibration  of  Hinge-Moment  Balances 


Figure  3-59  shows  a  typical  hinge-moment  calibration  panel 
mounted  on  the  model.  The  panel  is  used  to  determine  all  interactions, 
bending-moment  and  hinge-moment  gage  factors,  and  gage  locations.  The 
panel  has  holes  drilled  at  precise  distances  for  the  purpose  of  locating 
the  calibrating  weights  accurately.  To  simplify  the  calibration,  it  is 
important  that  these  holes  be  drilled  in  rows  that  are  absolutely  paral¬ 
lel  and  perpendicular  to  the  beam  to  be  calibrated.  If  errors  in  recti¬ 
linear  ity  do  exist,  the  moments  recorded  must  be  corrected  before  the 
raw  calibration  data  can  be  used.  Necessary  reference  dimensions  for 
locating  gages  with  respect  to  the  calibration  panel  must  be  recorded. 
The  calibration  procedure  consists  of  hanging  varying  loads  at  consecu¬ 
tive  stations.  The  weight  hanger  consists  of  a  C-shaped  piece  of  metal 
having  a  conical  peg  mounted  on  the  under  side  of  the  upper  leg.  The 
cone  is  inserted  into  the  holes  of  the  calibration  panel,  one  after  the 
other,  and  the  varying  weights  are  hung  from  the  lower  leg  of  the  hanger. 

When  the  wing  panel  and  the  beam  are  made  in  a  single  piece, 
as  shown  in  Fig.  3-60,  the  calibration  holes  are  drilled  in  the  wing 
panel  itself  and  filled  with  duratite  or  some  other  filler  material 
prior  to  testing. 

In  evaluating  hinge-moment  data  from  models  of  this  type,  it 
is  important  to  note  that  the  forces  and  moments  measured  are  refer¬ 
enced  to  the  body  axes  which  are  coincident  with  the  wing-panel  axes 
only  at  zero  incidence.  At  incidences  other  than  zero  it  is  not  pos¬ 
sible  to  transfer  the  hinge  moment  to  an  arbitrary  hinge  line  by  use 
of  the  normal  force  alone  since  the  axial  force  makes  a  contribution 
which  is  not  measured.  If  one  of  the  moment  bridges  is  mounted  di¬ 
rectly  on  the  desired  moment  reference  line,  the  need  for  moment  trans¬ 
fer  is  obviated  and  the  source  of  error  eliminated. 


3,5  Special-Purpose  Balances  and  Supports 

The  task  of  instrumenting  and  operating  any  specific  wind 
tunnel  to  obtain  force  data  for  a  diversity  of  models  and  parametric 
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variables  demands  a  large  array  of  specialized  balances  and  supports. 
In  estimating  the  loads  (see  Table  3-3)  to  which  models  are  subjected, 
it  is  necessary  to  account  for  the  temperature  and  pressure  conditions 
under  which  the  tests  will  be  made.  For  a  tunnel  whose  test  section 
is  shown  in  Fig.  3-61  a  descriptive  list  of  balances  and  supports  is 
presented  in  Table  3-3  and  Fig.  3-62.  Some  of  these  devices  will  be 
described  briefly  here. 

3.5.1  Remote  Roll- Indexing  and  Drag  Supports 


The  remote  roll-indexing  supports  may  be  instrumented  inter¬ 
nally  to  measure  rolling  moment  and  axial  force  as  described  in  Sub¬ 
secs.  3.2.5  and  3.2.6.  When  used  in  conjunction  with  a  four-component 
internal  balance,  six-component  data  can  be  obtained.  The  ruggedness 
of  the  support  may  be  increased  by  increasing  the  over-all  diameter. 

The  case  (Fig.  3-63)  which  supports  the  internal  mechanism 
is  made  of  two  parts  which  are  fastened  and  sealed  together  by  a 
tapered  Joint.  The  forward  end  of  the  case  supports  the  main  shaft. 
Thompson  ball  bushings,  used  in  the  forepart  of  the  support,  allow 
free  axial  movement  of  the  shaft.  This  motion  is  restrained  by  a 
strain-gage-equipped  cantilever  beam.  Two  ball  bearings  support  each 
of  the  ball  bushings,  thereby  providing  the  shaft  with  freedom  to  roll. 
The  ball  bushings  may  be  replaced  by  individual  balls  retained  in  a 
perforated  brass  cage  as  described  in  Subsec.  3.2.5.  The  shaft  is  re¬ 
strained  in  roll  by  an  Instrumented  cantilever  beam.  This  beam  is  re¬ 
sisted  by  a  yoke  mounted  to  the  main  shaft  and  transmits  power  from 
the  driving  mechanism  to  the  main  shaft  to  roll  the  model  remotely. 

Remote  indexing  is  achieved  by  means  of  a  series  of  shafts 
and  gears  that  transmit  power  from  a  small  24-v  motor  to  the  main  sup¬ 
port  beam.  The  resistance  slide  wire  and  wiper  creates  a  variable  re¬ 
sistor  in  the  indicating  circuit  which  is  proportional  to  the  roll- 
angle  range  of  the  support.  A  known  resistance  for  a  particular  roll 
angle  is  set  in  an  automatic  electronic  device  (Fig.  3-64),  housed  in 
the  control  room,  which  feeds  power  to  the  motor  and  rotates  the  main 
shaft  until  the  voltage  drop  in  the  indicating  circuit  is  zero.  The 
main  shaft  and  model  will  then  be  at  the  desired  roll  angle,  and  the 
ammeter  will  give  a  visual  confirmation  of  a  null.  The  roll  attitude 
range  of  the  support  is  restricted  to  an  included  angle  of  315  deg, 
but  the  model  can  be  oriented  with  respect  to  the  internal  balance  to 
give  the  desired  initial  roll  attitude.  The  support  case  and  wind¬ 
shield  are  sealed  except  for  the  opening  for  the  internal  balance,  thus 
eliminating  uncertain  corrections  for  pressure  differential  along  the 
support . 


The  case  which  supports  the  internal  mechanism  may  be  con¬ 
structed  of  three  sections,  designed  so  that  the  internal  mechanism  is 
exposed  when  the  forward  section  is  removed,  as  shown  in  Fig.  3-65.  A 
cutaway  sketch  is  shown  in  Fig.  3-18  and  its  axial-force  repeatability 
in  Fig.  3-19.  A  manually  operated  brake  may  be  added  to  make  it  pos¬ 
sible  to  hold  the  main  shaft  in  any  position  for  model  installation. 

3.5.2  High  Angle-of-Attack  Devices 

The  angle  of  attack  of  a  model  may  be  limited  by  the  loads 
which  the  model  can  withstand  or  which  the  balance  can  measure.  It  is 
more  usual,  however,  for  it  to  be  limited  by  simple  geometric  considera¬ 
tions  of  the  total  length  of  the  model  and  balance  arm,  and  the  height 
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of  the  test  section.  The  available  arc  travel  in  the  QAL  balance  sec¬ 
tion  shown  in  Fig.  3-61  is  physically  United  to  +  14-deg  angle  of  at¬ 
tack.  This  balance  has  no  provisions  for  varying~the  yaw  or  sideslip 
angle. 

The  E-10  extension  shown  in  Fig.  3-66  is  designed  for  use  with 
a  support  system  to  test  models  through  an  angle  of  attack  range  at  a 
constant  angle  of  sideslip  or  yaw.  The  spud  on  the  extension  is  mounted 
at  an  angle  of  6  deg  with  the  tunnel  centerline  and  is  offset  in  such  a 
manner  that  the  center  of  rotation  of  the  model  is  normally  on  the  tun¬ 
nel  centerline.  When  the  extension  and  support  system  are  rolled  as  a 
unit  (zero  angle  of  attack  of  the  crossarm),  the  model  will  always  lie 
in  a  plane  canted  6  deg  with  respect  to  the  tunnel  axis.  Angles  of 
sideslip  up  to  +  6  deg  may  be  obtained  by  various  combinations  of  the 
roll  angle  of  the  support  and  extension,  and  the  pitch  angle  of  the 
model.  Predetermined  angles  may  be  repeated  accurately  if  matching 
holes  in  the  extension  and  the  crossarm  are  aligned  with  the  aid  of  an 
Indexing  pin.  Also,  when  the  model  is  rolled  90  deg,  the  model  can  be 
tested  through  an  angle-of-sldeslip  range  at  a  constant  Indicated  angle 
of  attack.  When  the  extension  is  used  in  the  vertical  plane  of  the  tun¬ 
nel,  the  available  angle-of-attack  range  is  -  8  to  +  18  deg.  The  posi¬ 
tive  angle- of -at tack  range  is  limited  by  the  fact  that  the  extension 
strikes  the  floor  of  the  tunnel  before  the  angular  limit  of  the  cross- 
arm  is  reached. 

The  9-deg  offset  roll-indexing  support  shown  in  Fig.  3-67  is 
designed  to  provide  remote  roll  indexing  and  to  give  an  angle-of-attack 
range  of  -  5  to  23  deg.  The  support  case  is  made  of  two  sections, 
aft  and  forward,  connected  by  means  of  a  slip  joint  and  spanner  nut. 

Two  ball  bearings  mounted  in  the  forward  section  support  the  main  shaft 
which  is  remotely  Indexed  in  roll  by  a  d-c  motor  system  working  through 
a  universal  joint  and  a  gear  train.  A  movable  scale  for  roll  attitude 
is  scribed  externally  on  the  main  shaft,  thus  enabling  operating  per¬ 
sonnel  to  read  the  roll  attitude  of  the  model  directly  from  the  support. 
By  removing  the  electrical  cable  and  cannon  plug  used  for  force  tests, 
this  support  can  be  easily  modified  to  accommodate  pressure-meas. ^  g 
equipment  if  only  a  small  number  of  pressure  leads  are  required. 

At  low  Mach  numbers,  where  choking  may  be  a  problem,  it  may 
be  necessary  to  sacrifice  the  remote  roll-indexing  device  and  to  stream¬ 
line  the  offset  support.  Such  a  design  is  shown  in  Fig.  3-68.  The 
position  of  the  model  in  roll  is  accomplished  manually  and  held  by  means 
of  index  pins. 

3.5.3  Combined  Force  and  Pressure  Balance 

The  usual  technique  for  obtaining  experimental  aerodynamic 
characteristics  of  an  aircraft  powered  by  an  air-breathing  engine  is  to 
separate  the  external  (force  data  on  the  over-all  configuration)  and 
Internal  (diffuser  development)  aerodynamics  by  running  independent 
test  programs.  However,  when  the  engine  inlet  is  located  in  such  a 
manner  that  mutual  interference  effects  play  a  prominent  part,  it  may 
be  desirable  to  obtain  both  sets  of  data  simultaneously  on  the  same 
mode 1 . 

A  combined  force  and  pressure  balance  was  designed  (Refs.  135 
and  136)  for  a  single-engine,  ramjet  missile.  The  balance  proper  con¬ 
sists  of  a  focused,  flexure-pivot,  pyramidal  six-component  balance  so 
designed  that  a  duct  is  provided  to  capture  the  full  mass-flow  of  the 
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■odel.  The  duct  is  provided  with  pressure-eeasuring  orifices,  and  a 
resotely  controlled  throttle  varies  the  sass  flow  through  the  duct  dur¬ 
ing  the  test.  The  throttle  is  actuated  by  a  gear  train  and  electric 
BOtor.  Since  the  Internal  flow  characteristics  are  duplicated,  it  is 
necessary  to  seasure  all  force  coaponents  froa  a  position  aft  of  the 
BOdel.  Experience  in  force  aeasureaent  has  shown  that  all  coaponents 
except  pitching  and  yawing  aoaents  can  be  measured  with  acceptable  ac¬ 
curacy  in  a  strain  gage  balance  external  to  the  aodel.  Pitching  and 
yawing  aoaents,  however,  are  subject  to  significant  degradation  in  ac¬ 
curacy  where  a  large  aonent  transfer  is  required  for  conventional  sting' 
type  strain-gage  balances.  Hence,  the  focused-f lexure  principle,  fre¬ 
quently  used  in  subsonic  wind  tunnel  external  balances,  was  applied. 
This  principle  is  illustrated  below. 


The  struts,  1  and  2,  are  focused  at  Point  E  and  include  flexure  pivots 
A,  B,  C,  and  D.  The  flexure  pivots  provide  essentially  frictionless 
ball  and  socket  action.  When  a  noraal  load  is  applied  to  the  bean,  it 
will  tend  to  rotate  with  E  as  a  center.  If  the  beam  supports  a  aodel 
whose  center  of  gravity  coincides  with  E,  the  pitching  aoaent  at  E  can 
be  aeasured  by  the  restraint  required  at  F  to  aalntaln  equllibriua. 
Yawing  and  rolling  aoaents  aay  be  slallarly  measured  by  changing  the 
location  of  the  restraining  beams  and  strain  gages.  A  bench  aodel  of 
such  a  balance,  shown  in  Fig.  3-69,  was  constructed  and  tested  to  estab¬ 
lish  the  relation  between  the  pitching  moments,  whose  arms  were  mounted 
well  aft  of  the  model  base  and  just  aft  of  the  model  moment  reference 
point.  The  experiment  proved  that  the  output  of  the  aft-mounted  bridge 
represented  the  moment  applied  about  the  flexure-focus  point  as  antici¬ 
pated.  A  similar  application  of  the  focused-f lexure  principle  is  given 
in  Ref.  112. 


3.5.4  Micro-Balance 
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The  measurement  of  lift  and  drag  forces,  of  about  100  mg, 
acting  upon  a  aodel  aounted  in  a  supersonic,  low-density  free  jet  has 
been  achieved  through  the  use  of  a  sensitive  micro-balance  (Ref.  137). 
This  unit  may  be  described  as  a  beam-type,  crossed  flexure  balance. 

In  operation,  the  balance  is  used  as  a  null-type  instrument 
with  the  null  position  indicated  by  a  linear  variable  differential 
transformer.  The  force  required  to  maintain  the  model  at  its  null  posi¬ 
tion  is  applied  by  means  of  a  quartz  spring,  whose  extension  is  con¬ 
trolled  by  a  micrometer  screw  and  travelling  nut.  Measurement  of  the 
spring  extension,  together  with  a  knowledge  of  the  spring  characteris¬ 
tics  and  the  model  sting  and  balance  arm  distances,  permits  measurement 
of  the  force  acting  on  the  model.  The  micro-balance  repeatability  has 
been  recorded  as  +  0.02  mg,  using  a  quartz  spring  constant  of  1  mg/mm. 
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3.5.5  Sfcin-Friction  Balance 

The  floating-surface,  skin-friction  instrueent  described  in 
Ref.  43  is  similar  in  principle  to  the  floating-element  mechanism  of 
Liepmann  and  Dhaean.  The  most  important  difference,  aside  from  size 
and  range,  is  the  use  of  the  null  technique  in  measuring  applied  forces. 

The  basic  components  of  the  instrument  are  shown  in  Fig.  3-70. 
The  inner  flexure  system,  consisting  of  the  table,  two  flexlinks,  and 
the  ring,  allows  a  deflection  of  the  floating  element  under  an  applied 
load.  The  deflection  is  measured  indirectly,  i.e.,  in  terms  of  the 
displacement  which  must  be  given  to  the  table  in  order  to  return  the 
element  to  a  standard  null  position  with  respect  to  the  surrounding 
structure.  Motion  of  the  upper  table  is  effected  by  means  of  a  pre¬ 
cision  micrometer,  acting  through  a  piano  wire  push  rod  clamped  at  both 
ends,  and  is  constrained  by  the  second  or  outer  flexure  system  shown. 

The  null  position  of  the  floating  element  is  detected  by  a 
Schaevltz  variable  reluctance  transformer  (Fig.  3-71)  whose  coil  is 
fixed  on  the  Instrument  structure  and  whose  core  is  attached  to  the 
element  ring,  so  that  no  physical  contact  between  the  gage  and  element 
is  present  to  interfere  with  measurement  of  the  small  forces  involved. 
Two  dashpots  provided  for  damping  in  the  inner  flexure  system  are  con¬ 
structed  with  sufficiently  small  clearances  so  that  capillary  attrac¬ 
tion  prevents  loss  of  fluid  when  the  Instrument  is  turned  upside  down. 

The  skin-friction  Instrument,  including  the  flexure  systems, 
damping  device,  and  Schaevltz  gage,  is  assembled  on  a  stainless-steel 
disc  4  in.  in  diameter  and  5/16  in.  thick.  Installation  in  the  flat 
plate  for  wind-tunnel  tests  is  accomplished  by  means  of  16  leveling 
screws  which  are  alternately  tapped  into  the  disc  and  into  the  plate. 
Experience  has  shown  that  the  discontinuity  in  surface  level  at  the 
4-in.  parting  circle  can  be  reduced  to  less  than  0.00005  in.  without 
difficulty,  and  that  a  standard  dial  test  indicator  is  adequate  for 
measurement  of  the  discrepancy.  It  follows  that  one  skin-friction  in¬ 
strument  can  be  exchanged  for  another  in  a  relatively  short  time  and 
that  repairs  need  not  involve  serious  interruption  to  a  particular 
wind-tunnel  experiment. 

To  lock  the  floating  element  during  lapping,  the  gap  may  be 
filled  with  glyptal  (glyptal  clear  varnish  or  red  enamel.  General  Elec¬ 
tric  Co.,  Schenectady,  N.Y.).  The  glyptal  is  allowed  to  harden  before 
lapping  and  is  removed  with  acetone  or  other  solvents  after  a  smooth 
flush  surface  has  been  obtained.  It  is  believed  that  this  technique, 
one  of  several  that  were  tried,  avoids  possible  elastic  deformations 
in  the  flexlink  structure,  which  could  lead  to  serious  misalignment 
when  the  element  is  released. 

The  balance  chamber  must  be  sealed  with  extreme  care.  For 
the  Instrument  discussed  in  Ref.  43,  satisfactory  sealing  was  achieved 
with  solid  rubber  compression  seals  which  were  Installed  in  grooves 
beneath  the  various  cover  plates. 


3.6  Dynamic  Stability  Measurements 


Wind-tunnel  measurements  of  dynamic  stability  derivatives  re¬ 
quire  techniques  in  which  the  model  is  rigidly  restricted  in  one  or 
more  of  the  basic  degrees  of  freedom  (Ref.  138).  In  fact,  in  most  cases 
the  model  is  free  to  move  in  one  degree  of  freedom  only,  thus  involving 
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only  one  equation  of  notion.  The  analysis  of  test  results  is  thus  sim¬ 
pler  and,  in  principle,  sore  accurate.  Since  other  factors  such  as 
scale  effects  and  wind-tunnel  and  sodel-support  interference  affect  the 
accuracy  of  results,  the  accuracy  will  vary  from  case  to  case. 

The  dynanic  stability  derivatives  can  be  detersined  from 
wind-tunnel  tests  using  models  which  describe  a  rotational  or  oscilla¬ 
tory  motion  in  relation  to  a  parallel  air  stream.  This  notion  occurs 
when  models  rotate  or  oscillate  in  a  parallel  air  flow  in  a  straight 
test  section  and  when  models  are  rigidly  fixed  in  a  test  section  with 
a  curved  flow  or  a  rotating  flow.  The  measurements  follow  two  main 
principles,  namely  measurement  of  moments  and  forces  when  the  relative 
notion  between  model  and  air  stream  is  given,  or  measurement  of  the 
relative  motion  when  forcing  moments  and  forces  are  given.  This  tech¬ 
nique  is  summarized  below. 


(D 


Methods  of  Determining  Dynamic  Stability  Derivatives 


For  a  Model  Moving 
in  the  Test  Section 

For  a  Model  Fixed 
in  the  Test  Section 

Measure  Forces  and  M< 

iments  with: 

1.  Rigidly  forced  oscillation 

1.  Rotating  flow 

2.  Self-exciting  oscillations 

2.  Curved  flow 

with  constant  amplitude 

3.  Rigidly  forced  continuous 

3.  Parallel  flow  over  dis- 

rotation 

tor ted  model 

Measure  Motion 

with: 

1.  Free  oscillation 

1.  Rotating  flow 

2.  Elastically  forced  oscillation 

2,  Curved  flow 

3.  Forced  oscillation  around  two 

axes 

4.  Continuous  rotation 

Model  Moving  in  the  Test  Section. — The  most  general  method 
for  measurement  of  dynamic  stability  is  that  of  "rigidly  forced  oscil¬ 
lation."  A  harmonic  motion,  angular  or  translational,  is  imparted  to 
a  model,  and  forces  and  moments  between  the  model  and  the  forcing  part 
of  the  rig  are  measured  and  divided  into  the  in-phase  and  out-of-pbase 
components.  Theoretically,  all  dynamic  derivatives  can  be  obtained  by 
this  method.  In  practice,  however,  there  are  many  difficulties,  the 
most  important  of  which  is  the  need  to  balance  out  large  responses  due 
to  inertia  of  the  model.  A  further  difficulty  is  encountered  in  the 
measurement  of  the  small-valued  cross  responses,  such  as  and  C| 

P  ^ 

which  require  balance  flexures  of  relatively  high  flexibility  in  one 
degree  of  freedom,  whereas  at  the  same  time  much  more  stiffness  is  re¬ 
quired  in  the  direction  of  the  forcing  moment  or  force. 

A  method  which  can  be  successfully  used  for  determining  all 
the  derivatives  except  cross  derivatives  is  the  method  of  "self-exciting 
oscillation"  with  constant  amplitude.  A  feedback  system  connects  the 
displacement  transducers  on  the  model  suspension  with  driving  coils  of 
an  electromagnetic  oscillator  and  also  includes  provisions  for  a  90-deg 
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phase  shift  and  a  device  to  keep  the  amplitude  constant.  Oscillatory 
damping  derivatives  such  as(C^  +  -  C  ),  and  Cj  are  ob- 

"q  Of  r  p  p 

tainable  from  measurements  of  the  energy  required  to  keep  the  oscilla¬ 
tion  at  a  constant  amplitude,  and  aerodynamic  stiffness  derivatives 
such  as  C  and  C  are  obtainable  from  frequency  measurements.  The 
■a 

method  can  easily  be  applied  at  both  low  and  high  speeds  and  at  a  large 
range  of  frequencies.  The  feedback  system  automatically  provides  for 
the  frequency  setting  at  resonance,  thus  eliminating  the  need  for 
manual  tuning  of  frequency  during  the  test. 

A  convenient  method  for  determining  derivatives  due  to  roll¬ 
ing  (such  as  C.  ,  C  ,  Cy  )  is  the  method  of  “rigidly  forced  rotation." 

P  “p  ’‘p 

This  method  is  quite  similar  to  that  of  rigidly  forced  oscillation,  ex¬ 
cept  that  it  avoids  difficulties  with  inertia  effects,  which  is  a  great 
advantage.  The  measurement  of  small  cross-responses  is  also  somewhat 
less  serious  because  the  stlf fness-ln-roll  requirements  are  no  longer 
as  critical.  The  roll  response  (damping  in  roll)  can  be  measured  be¬ 
tween  the  driving  motor  and  the  model,  or  between  the  whole  apparatus 
and  the  wind-tunnel  structure.  The  differences  in  results  of  tests 
with  continuous  rolling  or  with  oscillation  in  roll,  which  are  due  to 
different  time  histories  of  the  motion  in  the  two  cases,  are  usually 
small.  Both  types  of  motion  are  of  Interest,  however,  the  continuous 
one  in  connection  with  rolling  performance  and  the  oscillating  one  in 
connection  with  stability  analysis. 

The  method  of  “free  oscillation"  is  usually  considered  to  be 
the  simplest  and  most  straightforward  one  for  the  determination  of  the 
oscillatory  damping  derivatives,  such  as  (C  C  ),  and  aerodynamic 

q  a 

stability  derivatives,  such  as  C  .  This  method  consists  simply  of  the 

evaluation  of  decaying  oscillation  performed  by  an  elastically  con¬ 
strained  model  following  an  initial  disturbance.  With  modern  instru¬ 
mentation,  damping  derivatives  determined  by  this  method  have  an  accur¬ 
acy  that  is  often  considered  higher  than  that  achieved  by  any  other 
method  because  of  the  straightforward  type  of  analysis.  The  accuracy 
of  frequency  measurements,  however,  is  about  the  same  as  it  is  with 
other  methods.  The  initial  disturbance  usually  has  the  form  of  an 
abrupt  release  from  a  deflection,  but  at  higher  experimental  frequencies 
it  can  be  conveniently  replaced  by  an  excited  oscillation  of  a  desired 
amplitude,  sometimes  in  connection  with  a  feedback  system  which  auto¬ 
matically  secures  the  frequency  setting  at  resonance  value.  For  high 
accuracy  the  model  suspension  should  be  completely  elastic,  avoiding 
any  friction  effects. 

It  is  often  argued  that  the  free  oscillation  methods  are  in¬ 
ferior  to  forced  oscillation  methods  because  they  give  results  repre¬ 
sentative  of  an  amplitude  range  rather  than  of  a  discrete  value  of 
amplitude.  This  may  be  an  advantage  (Ref.  138)  rather  than  a  disadvan¬ 
tage.  Since  the  motion  of  an  aircraft,  subsequent  to  a  disturbance, 
covers  a  whole  range  of  amplitudes,  it  can  be  described  better  by  equa¬ 
tions  of  motion  that  contain  constants  representative  of  this  range 
rather  than  of  a  single  value  of  amplitude.  Both  methods  (with  the 
use  of  modern  instrumentation)  are  suitable  for  obtaining  results  as  a 
function  of  amplitude;  but  in  the  case  of  a  single  value  to  be  used, 
this  value  is  more  representative  if  it  is  obtained  by  the  free  oscil¬ 
lation  method  than  by  a  constant  amplitude  method. 
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In  the  Method  of  "elastically  forced  oscillation"  the  har- 
■onlc  Motion  is  Inparted  to  the  node!  through  a  linear  spring.  The 
oscillatory  danplng  derivatives  can  be  deternlned  fron  the  anplitude 
ratio  at  reasonance  between  the  forcing  and  the  forced  notions  and  the 
value  of  the  resonance  frequency.  The  sane  result  can  be  obtained  by 
another  Method  of  analysis  fron  neasurenents  of  the  resonance  frequency 
and  the  frequency  for  which  the  ratio  of  forced  anplitude  to  its  value 
at  resonance  is  equal  to  /2/2. 

Another  Method  which  can  be  applied  if  the  resonance  condi¬ 
tions  are  difficult  to  Maintain  requires  measurenent  of  the  anplitude 
ratio  between  the  forcing  and  the  forced  notion  at  any  frequency,  the 
value  of  this  frequency,  and  in  addition,  the  phase  angle  between  the 
forcing  and  the  forced  notion.  The  advantage  of  this  nethod  lies  in 
the  fact  that  the  aerodynanlc  stability  derivatives  can  also  be  ob¬ 
tained  fron  the  neasurenents. 


If  a  harnonlc  notion  is  inparted  to  a  nodel  in  one  degree  of 
freedon  and  the  "nodel  response  in  a  second  degree  of  freedom"  is  mea¬ 
sured,  the  appropriate  cross  derivative  can  be  determined  from  such  a 
measurenent.  A  particularly  simple  analysis  can  be  used  if  the  fre¬ 
quency  of  the  forcing  motion  is  tuned  to  the  resonance  frequency  of  the 
forced  motion.  The  desired  cross  derivative  (e.g.,  )  is  then  equal 

P 


to  the  amplitude  ratio  between  the  forced  motion  and  the  forcing  motion 
times  the  oscillatory  damping  derivative  for  the  forced  motion  (in  that 
case,  C  -  C  .),  which  has  to  be  determined  from  other  tests.  This 
“r  “0 

approach  uses  the  forced  motion's  maximum  obtainable  amplitude,  which 
facilitates  its  measurement  but  on  the  other  hand  requires  an  exact 
tuning  of  the  forcing  frequency,  in  contrast  to  the  difficulties  men¬ 
tioned  in  connection  with  the  method  of  rigidly  forced  oscillation.  A 
feedback  system  between  the  displacement  of  the  forced  motion  and  the 
excitation  of  the  forcing  motion  is  probably  a  good  solution. 


In  contrast  to  the  method  of  rigidly  forced  rotation  is  the 
method  of  "continuous  rotation"  forced  by  a  known  moment.  Only  the 
derivative  can  be  determined  by  this  method.  The  known  moment  can 
P 

be  given  by  an  aileron  deflection  on  the  model  itself  or  by  a  specially 
added  forcing  wing,  and  can  be  calibrated  before  the  test.  The  steady 
roll  rate  is  measured.  If  damping  of  the  forcing  wing  occurs,  it  needs 
special  calibration.  Special  corrections  are  needed  if  the  rolling 
moments  acting  on  the  wings  are  dependent  on  the  angle  of  bank,  as  may 
be  the  case  where  secondary  flows  in  the  test  section  disturb  the  rota¬ 
tional  velocity  of  the  model  and  introduce  inertia  effects. 


Model  Fixed  in  the  Test  Section. — By  use  of  the  methods  men¬ 
tioned  below,  the  mode'I~can  be  flxeB  in  the  test  section,  and  all  mea¬ 
surements  can  be  made  on  static  balances  of  the  usual  type. 

In  a  test  section  with  "rotating  flow,"  derivatives  due  to 
rolling  (C.  ,  C  ,  C  )  can  be  measured.  The  test  conditions  are  some- 
P  P  P 

what  different  from  those  in  which  an  aircraft  (or  model)  is  rolled  be¬ 
cause  of  the  presence  of  a  radial  pressure  gradient  in  the  air  due  to 
the  centrifugal  force.  If  the  flow  could  be  considered  a  potential  flow 
and  the  nodel  were  symmetrical  (and  symmetrically  mounted),  the  total 
effect  of  such  a  gradient  would  be  zero;  but  in  cases  of  incidence  or 
yaw  and  in  the  inevitable  presence  of  model  boundary  layer,  a  correc¬ 
tion  would  have  to  be  applied  to  account  for  this  effect. 
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Slallar  test  conditions  exist  in  s  test  section  with  "curved 
flow,"  where  the  derivatives  due  to  pure  yawing  (such  as  C  ,  C.  ,  Cy  ) 

“r  *r  r 

and  pure  pitching  (such  as  C  ,  ^  measured.  Test  sections 

q  q 

with  rotating  or  curved  flows  are  used  only  for  low-speed  work. 

Instead  of  placing  a  model  in  a  curved  or  rotating  flow  it  is 
possible  to  use  a  "parallel  flow"  and  a  model  "distorted"  in  such  a  way 
that  pressures  at  different  stations  on  the  model  are  similar  to  what 
they  would  have  been  on  an  undlstorted  model  in  a  curved  or  rotating 
flow  (or  in  a  rolling  or  yawing  notion  in  the  still  air).  A  stationary 
wing  model  with  linearly  distributed  asymmetrical  twist,  for  example, 
gives  approximately  the  sane  pressure  distribution  over  the  wing  as  the 
pressure  distribution  over  a  wing  performing  a  rolling  motion.  Although 
the  method  has  the  advantage  of  measuring  dynamic  derivatives  on  fixed 
models  using  static  balances,  it  also  Involves  complex  and  costly 
models,  a  great  disadvantage,  and  is  therefore  mainly  of  academic 
interest . 


3.6.1  Dynamic  Pitch  Measurement 

Although  the  development  of  techniques  for  measuring  dynamic 
pitch  has  lagged  behind  other  wind-tunnel  techniques,  several  facili¬ 
ties  have  nevertheless  made  such  measurements  in  the  past  several  years. 
These  techniques  fall  into  two  general  categories  which  utilize  1)  a  re¬ 
flection  plane  or  half-model  (Subsec.  3.3.2),  and  2)  a  three-dimensional 
model. 


# 


3. 6. 1.1  Half-Model  Techniques 

Half-models  have  been  oscillated  in  pitch  at  the  NAE 
30  X  16  in.  tunnel  with  an  apparatus  (Ref.  138)  shown  schematically  in 
Fig.  3-72.  This  apparatus  consists  of  1)  an  elastic  suspension  for  the 
model  with  displacement  transducers  attached  to  the  spring  element, 

2)  Oltronlx  Dampometer.  3)  phase-shift  device,  4)  limiter,  5)  Krohn-Hite 
power  amplifier,  and  6)  electromagnetic  oscillator.  As  indicated  in 
Fig.  3-72,  the  components  of  the  apparatus  form  a  closed  loop  system, 
which  includes  both  electrical  and  mechanical  connections. 

The  model  suspension  and  the  electromagnetic  oscillator  are 
built  as  one  unit  (Fig.  3-73)  to  give  "free  oscillation  with  feedback 
excitation."  The  model  is  clamped  to  one  end  of  a  cruciform  spring 
whose  other  end  is  rigidly  attached  to  a  frame  mounted  on  the  wind- 
tunnel  wall.  Strain  gages  are  mounted  near  the  root  end  of  the  spring 
and  are  connected  to  a  full  bridge.  A  transverse  arm  carrying  fork 
coll  holders  in  each  end  is  mounted  on  the  model  end  of  the  spring. 

The  arm  and  the  coll  holders  are  made  of  aluminum.  The  square  colls 
were  wound  on  temporary  bobbins  of  cerrobend,  which  were  melted  away 
afterwards.  The  coils  are  structurally  stiffened  with  araldlte  baked 
between  and  around  the  layers  of  enamelled  copper  wire.  The  coils  can 
oscillate  in  the  gap  of  a  permanent  magnet  system,  each  moving  in  a 
direction  opposite  to  the  other  and  thereby  causing  the  model  to  oscil¬ 
late  in  pitch.  Depending  on  the  power  used,  amplitudes  as  large  as  7 
deg  can  be  obtained.  Frequencies  of  the  order  of  100  cps  can  normally 
be  used,  the  exact  value  depending  on  the  Inertia  of  the  model  and  the 
dimensions  of  the  spring,  several  of  which  are  provided. 
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The  signal  fros  the  strain-gage  bridge  is  fed  into  an  Oltronix 
Daaposeter,  fros  ehich  the  logarithmic  decrement  and  frequency  of  oscil¬ 
lation  are  obtained  (from  readings  on  ^wo  electronic  counters).  The 
Daaponeter,  described  in  Subsec.  3.6.5,  is  stressed  here  because  it  per¬ 
mits  the  full  exploitation  of  the  free  oscillation  test  method  and  elim¬ 
inates  the  tedious  evaluation  of  time-history  oscillograms.  It  also 
permits  greater  accuracy  in  the  measurement  of  the  logarithmic  decrement 
and  frequency  by  dividing  every  period  of  oscillation  into  a  large  num¬ 
ber  of  equal  parts.  (At  high  damping,  for  instance,  instead  of  having 
one  or  two  oscillation  peaks  for  calculating  the  logarithmic  decrement, 
a  two-  or  even  three-digit  number  which  is  inversely  proportional  to  the 
decrement  is  available  for  this  purpose.)  The  improved  accuracy  of  pri¬ 
mary  data  in  turn  enhances  the  accuracy  of  secondary  data  (such  as 


The  exciting  voltage  for  the  coils  of  the  electromagnetic 
oscillator  is  taken  from  the  amplifiers  of  the  Daropometer  and  passed 
through  a  phase-shifting  device  (to  set  a  90-deg  phase  shift  in  rela¬ 
tion  to  the  displacement  pickup),  to  an  amplitude-limiting  device,  and 
finally  to  the  power  amplifier.  From  the  power  amplifier  the  exciting 
voltage  is  fed  through  a  manual  switch  into  the  coils,  which  are  me¬ 
chanically  connected  with  the  model  and  the  displacement  transducers, 
thus  completing  the  feedback  loop. 

The  manual  switch  closes  and  opens  the  feedback  loop.  When 
the  loop  closes,  oscillation  builds  up  to  a  pre-set  amplitude,  at  which 
the  Dampometer  counters  automatically  are  set  to  zero.  (Some  small  me¬ 
chanical  or  electrical  vibration  is  always  present  in  the  system  to 
initiate  the  oscillation.)  When  the  loop  opens,  the  oscillation  decays 
and  the  counters  register  two  four-digit  decimal  numbers,  which  are  in¬ 
versely  proportional  to  the  logarithmic  decrement  and  frequency  of  oscil¬ 
lation.  Three  to  six  complete  measurements  are  usually  made  during  one 
15-sec  wind-tunnel  run,  depending  on  the  value  of  damping  (i.e.,  the 
pre-set  fraction  of  the  original  amplitude  that  is  desired). 

It  is  to  be  noted  that  no  frequency  adjustment  is  necessary 
during  the  course  of  measurements,  as  feedback  keeps  the  frequency  of 
oscillation  automatically  at  the  resonance  value  of  the  system. 

The  oscillatory  damping  derivative,  C  C  ,  is  proportional 

in_  ID* 

q  a 

to  the  difference  between  the  products  of  logarithmic  decrement  and  fre¬ 
quency  in  the  air-on  and  the  air-off  conditions.  The  aerodynamic  sta¬ 
bility  derivative,  C  ,  is  proportional  to  the  differences  between  the 

”a 

squares  of  the  frequency  with  air-off  and  with  air-on. 

From  the  difference  between  C  +  C  for  two  axis  positions 

q  a 

and  C_  for  one  axis  position,  the  derivative,  C,  +  C,  ,  of  the  lift 
m  ’  '  Li  Li* 

a  q  a 

force  due  to  pitching  is  calculated.  From  the  difference  between  C 

m 

«  I 

for  two  axis  positions  the  static  lift  curve  slope,  C  ,  is  calculated. 

The  system  can  also  be  used  for  negative  damping.  In  this 
case  the  electromagnetic  oscillator  becomes  a  brake  when  the  coil  cir¬ 
cuits  are  shorted.  The  counters  then  have  to  be  zeroed  manually. 
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Soae  results  obtained  for  three  delta  wing-body  configura¬ 
tions  by  this  method  are  presented  in  Fig.  3-74.  The  total  scatter  in 
the  results  from  about  20  measurements  are  shown  by  the  vertical  lines 
on  the  upper  diagram. 

The  simple  free- oscillation  device  shown  in  Fig.  3-75  can  be 
utilized  to  fulfill  the  unusual  requirement  of  obtaining  the  average 
damping  in  pitch  of  half-bodies  through  an  amplitude  of  +180  deg  in 
angle  of  attack.  This  technique  requires  the  use  of  a  side-wall  bal¬ 
ance,  such  as  described  in  Subsec.  3. 3. 2.1.  The  instrumented  shaft  of 
the  side-wall  balance,  however,  must  be  removed  and  replaced  by  a  freely 
rotatable  shaft  mounted  in  precision  ball  bearings.  During  operation 
the  output  from  a  potentiometer  mounted  on  the  end  of  the  shaft  gives  a 
trace  of  angle  of  attack  versus  time  on  an  oscillograph,  and  the  model 
must  then  be  mass-balanced  and  tested  a  second  time  at  another  moment- 
reference  station.  The  normal  difficulties  of  obtaining  the  first  and 
second  time-derivatives  of  angle  of  attack  are  compounded  by  nonlinear 
damping  over  the  large  amplitude  of  oscillation.  Better  results  can  be 
obtained  by  mounting  accelerometers  in  the  model.  The  static  force  mea¬ 
surements  can  be  obtained  with  the  standard  side-wall  balance  described 
in  Subsec.  3.3.2. 1.  It  should  be  noted  that  errors  due  to  flow  through 
the  gap  between  the  model  and  the  reflection  plane  or  wall  (Subsec.  3.3.2) 
will  be  encountered. 

3. 6. 1.2  Three-Dimensional  Model  Techniques  for  Dynamic  Pitch  Measure¬ 
ment 


A  forcing  (as  opposed  to  free  oscillation)  technique  was  de¬ 
veloped  (Ref.  139)  in  the  MIT  transonic  blowdown  wind  tunnel  to  meet 
the  need  for  a  method  by  which  the  dynamic  stability  derivatives  of 
conventional  high-density  (heavy)  models  normally  used  for  static  wind- 
tunnel  tests  could  be  measured.  It  was  found  that  if  a  model  of  this 
type  can  be  forced  at  its  natural  pitching  frequency  the  inertial  ef¬ 
fect  of  the  mass  is  cancelled,  and  the  moment  required  to  maintain  the 
forced  oscillation  is  the  damping  moment  on  the  model. 

A  sting  balance  designed  to  accommodate  some  available,  high- 
density  models  is  shown  in  Fig.  3-76.  A  thin,  flat  flexure  is  machined 
near  the  upstream  end  of  the  balance,  and  the  model's  center  of  gravity 
is  placed  at  the  elastic  center  of  this  cantilever.  At  this  point  a 
load  may  be  applied  with  no  resultant  angular  deflection  of  the  point, 
and  a  moment  produces  no  linear  deflection.  The  model  is  forced  at  a 
resonance  by  a  flat  spring,  which  is  independent  of  the  sting  and  is 
gaged  near  the  elastic  axis  to  measure  the  moment  applied  to  the  model. 
The  motion  of  the  model  in  pitch  is  indicated  by  the  moment  in  the 
sting  just  upstream  of  the  elastic  axis.  The  downstream  end  of  the 
forcing  spring  is  attached  to  a  forcing  arm  and  electromagnetic  shaker 
assembly.  Inertial  and  stiffness  terms  are  present  in  the  sting,  but 
only  the  moment  required  to  maintain  the  forced  oscillation  is  measured 
by  the  forcing  spring. 

The  separation  of  the  heave  and  pitch  resonant  frequencies 
creates  the  biggest  problem  in  the  balance  design.  The  heave  stiff¬ 
ness  of  the  sting  must  be  maintained  as  large  as  possible  in  order  to 
minimize  elastic  coupling  of  the  two  modes  when  high-density  models 
are  used.  Aerodynamic  noise  and  vibrations  of  the  plenum  chamber  and 
angle-of-attack  support  must  also  be  minimized  so  that  the  signal-to- 
nolse  ratio  of  the  accelerometers  is  acceptable.  Much  of  the  heave 
deflection  could  be  eliminated  by  the  application  of  less  force  at  the 
shaker  end  of  the  system. 
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The  Haval  Ordnance  Laboratory  ban  designed  a  danplng-in- 
pltch  balance  (Ref.  114)  which  allown  a  nodel  to  oscillate  about  a  hori¬ 
zontal  axis  through  its  center  of  gravity  and  perpendicular  to  its 
longitudinal  axis.  Provisions  are  included  for  continuously  neasuring 
the  angle  of  oscillation  and  the  angular  acceleration.  The  balance  is 
shown  schenatically  in  Fig.  3-77.  Crossed  steel  flexures  in  the  danp- 
Ing  balance  effectively  pernit  nodel  oscillations  about  a  point.  By 
exchanging  these  flexures  for  others  of  different  thickness,  it  is  pos¬ 
sible  to  vary  the  nodel* s  frequency  of  oscillation  fron  10  to  100  cps. 
Each  set  of  these  flexures  is  provided  with  strain  gages  which  provide 
a  continuous  electrical  signal  proportional  to  the  angular  dlsplace- 
nent.  The  zeroing  nechanlsn  applies  a  nonent  to  the  nodel  in  the  di¬ 
rection  opposite  to  the  aerodynanic  nonent,  thus  keeping  the  nodel  axis 
coincident  with  the  balance  axis  at  angles  of  attack.  The  nagnitude  of 
the  nonent  is  controlled  by  neans  of  an  electric  notor.  The  tripping 
lever  is  extended  by  neans  of  air  operation  to  deflect  the  nodel.  The 
lever  is  spring  loaded  and  returns  to  neutral  position  when  the  air  is 
suddenly  shut  off,  thereby  initiating  nodel  oscillations.  The  nodel 
is  secured  to  the  balance  by  an  internal  expanding  collet  built  into 
the  balance,  which  thus  sinplifies  the  adjustment  and  positioning  of 
the  nodel  with  respect  to  the  balance  center  of  rotation.  Angular  ac¬ 
celeration  is  neasured  by  an  acceleroneter  Just  forward  of  the  collet 
arrangenent.  The  sting  is  nade  of  4340  steel  heat-treated  to  Rockwell 
C-37,  and  the  flexures  are  fabricated  from  6150  steel  heat-treated  to 
Rockwell  C-45.  Standard  Baldwin  AB-8  bakellte  strain  gages  are  used. 

The  Information  from  the  strain  gages  is  recorded  on  a  Sanborn  recorder, 
which  produces  a  trace  of  angular  displacement  with  respect  to  time 
from  which  the  damping  coefficient  is  obtained  from  the  logarithmic 
decrement  in  the  conventional  manner.  The  Ballistics  Research  Labora¬ 
tory  has  used  the  same  technique  for  obtaining  pitch  damping  (Ref.  119). 

NOL  has  used  another  simple  technique  in  which  the  model  is 
fastened  to  a  wire  which  spans  the  tunnel  test  section.  The  wire  passes 
through  the  center  of  gravity  of  the  model  and  leaves  it  free  to  oscil¬ 
late  in  pitch.  Micro-bearings  installed  in  the  model  minimize  friction. 
The  damping  moments  at  the  low  angles  of  attack  measured  by  both  tech¬ 
niques  showed  excellent  correlation  with  results  from  the  firing  range, 
indicating  that  the  interference  effects  from  the  suspension  wires  were 
negligible. 


3.6.2  Dynamic  Roll  Measurement 

A  typical  device  for  obtaining  damping  in  roll  by  means  of 
the  forced  steady-roll  technique  is  shown  in  Figs.  3-78  and  3-79.  The 
case  which  supports  the  internal  mechanism  also  acts  as  a  windshield 
to  protect  the  internal  mechanism.  The  shaft  protrudes  from  the  wind¬ 
shield  and  is  driven  through  a  planetary  gear  system  by  an  electric 
motor  mounted  in  the  aft  end  of  the  support.  The  stationary  ring  gear 
mounted  in  the  planetary  gear  system  is  restrained  from  rotation  by  an 
Instrumented  cantilever  beam.  The  output  of  the  strain  gage  is  pro¬ 
portional  to  the  torque  required  to  drive  the  model.  Three  fine  pieces 
of  piano  wire  restrain  the  ring  gear  in  axial  movement  but  offer  only 
small  resistance  to  rotational  movement. 

The  tachometer  consists  of  a  small  Alnico  magnet  attached  to 
the  drive-motor  shaft  and  in  the  field  of  a  small  pickup  coil.  The 
rotating  magnet  produces  an  alternating  current  in  the  pickup  coll  whose 
frequency  is  equal  to  the  speed  of  the  motor  (see  Fig.  3-80).  This  de¬ 
vice  produces  a  practically  square  wave,  and  "hash"  is  practically 
nonexistent. 
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In  use,  the  output  signal  of  the  balance  is  connected  to  the 
vertical  plates  of  a  cathode  ray  oscilloscope.  An  audio  oscillator  is 
connected  to  the  horizontal  plates.  An  EPUT  (events  per  unit  time) 
meter  is  then  connected  to  the  audio  oscillator  to  determine  its  exact 
frequency  setting.  To  set  a  given  model  speed,  the  audio  oscillator 
is  set  to  the  balance  signal  frequency  corresponding  to  the  required 
rotational  speed.  This  setting  is  determined  from  calibration.  The 
balance  speed  control  is  then  advanced  until  a  roughly  square  or  circu¬ 
lar  figure  appears  on  the  screen  of  the  oscilloscope.  The  figure  will 
appear  to  rotate  about  opposite  corners  of  the  square  when  the  balance 
speed  approaches  the  desired  speed.  The  balance  should  be  adjusted  so 
that  the  figure  just  stops  rotating.  The  equipment  setup  is  shown  in 
Fig.  3-81.  The  gain  of  the  vertical  amplifier  in  the  oscilloscope  may 
require  adjustment  throughout  the  speed  range  to  compensate  for  the 
variation  of  output  voltage  with  rotational  speed. 

The  balance  is  capable  of  rotational  velocities  of  +  1500  rpm 
under  no-load  conditions.  The  maximum  rolling  moment  is  limited  by  the 
torque  output  of  the  elctric  motor  to  27  in. -lb,  and  the  design  normal 
force  load  for  this  support  is  200  lb  applied  at  the  window  centerline. 

The  balance  is  equipped  with  an  air-actuated  brake  and  a 
toggle  system  which  operates  a  set  of  lead  brake  shoes.  The  brake 
consists  of  two  double-acting  cylinders  connected  in  parallel  to  a  com¬ 
pressed  air  supply.  These  cylinders  are  capable  of  exerting  forces  in 
excess  of  50  lb  with  the  brake  connected  to  a  100-psi  air  supply.  The 
brake  control  is  a  four-way  valve  mounted  on  the  balance  control 
chassis.  Air  is  continually  supplied  to  the  brake  either  to  hold  it 
on  or  off.  The  brake  is  used  to  restrain  the  model  in  roll  during 
wind-tunnel  starting  and  stopping. 

Cruciform  models  can  be  tested  at  angles  of  attack  other  than 
zero,  but  the  large-amplitude,  pulsating  lift,  load  characteristics  of 
a  rolling  mono-wing  model  poses  severe  operating  conditions,  especially 
if  the  frequency  approaches  the  natural  bending  frequency  of  the  system. 

Rotational  speeds  in  the  order  of  10,000  rpm  are  sometimes 
desired  to  simulate  full-scale  flight.  Such  speeds  pose  a  difficult 
problem  from  a  power  standpoin'  if  the  use  of  electric  motors  is  de¬ 
sired.  For  example,  it  is  estimated  that  a  75-hp  motor  with  a  maximum 
diameter  of  4  in.  would  be  required  to  overcome  the  damping  force  of  a 
typical  model  in  the  OAL  tunnel.  Such  motors  are  available,  but  they 
are  quite  expensive  and  the  cooling  problems  arc  a  complicating  factor. 
A  simple  and  Inexpensive  technique  was  developed  by  the  Naval  Super¬ 
sonic  Laboratory  at  MIT  which  extracted  the  energy  required  from  the 
supersonic  airflow  past  the  balance.  The  driving  torque  is  delivered 
to  the  shaft  by  four  rectangular  wing  surfaces  mounted  in  cruciform 
fashion  aft  of  the  model  on  the  support.  The  differential  deflection 
of  these  surfaces  is  controlled  remotely  by  a  servo  system  which  allows 
a  braking  actio*'  to  be  applied  by  reversing  the  differential  deflection 
of  the  surfaces.  The  tunnel  is  started  and  stopped  with  the  driving 
surfaces  in  the  ’’feathered"  position.  The  energy  input  to  the  shaft 
is  measured  by  a  conventional  strain-gage  bridge  oriented  to  measure 
drive-shaft  torque. 

High  rotational  roll  rates  have  also  been  obtained  at  NOL 
through  the  use  of  an  air  turbine  (see  Subsec.  3.6.4)  housed  within 
the  model.  The  model  is  mounted  on  ball  bearings  which  in  turn  are 
mounted  on  a  non-rotating  sting-type  shaft.  The  model  is  brought  up 
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to  a  high  spin  rate  and  the  air  supply  is  stopped  instantaneously  by 
a  solenoid  valve.  The  model  is  then  allowed  to  damp  freely  to  zero 
spin  rate.  Friction  is  evaluated  as  a  tare  by  spinning  the  model  in 
the  air-off  condition.  Bodies  of  revolution  or  other  configurations 
which  do  not  have  a  large-amplitude  pulsating  normal  force  on  the  model 
can  be  tested  at  any  angle  of  attack  from  0  to  90  deg.  The  equations 
of  motion  are  then  used  to  reduce  the  data. 


The  method  of  free  oscillation  with  feedback  excitation  is 
used  for  oscillation  in  roll  (Ref.  138),  as  shown  in  Fig.  3-82.  The 
model  is  mounted  on  a  set  of  cantilever  springs  which  together  act  as 
a  torsion  spring.  The  length  of  the  springs  is  variable,  thereby 
making  it  possible  to  change  frequency.  The  output  of  the  strain  gages 
on  the  springs  is  proportional  to  the  deflection  in  roll.  The  excita¬ 
tion  unit  consists  of  a  rotor  containing  several  small  permanent  mag¬ 
nets,  which  are  radially  spaced,  and  a  stator  consisting  of  a  coil  and 
an  iron  core,  the  ends  of  which  are  divided  into  several  separate  poles 
bent  together  to  face  the  magnets  of  the  rotor.  An  alternating  current 
through  the  coll  at  the  resonance  frequency  for  the  system  brings  the 
rotor  (and  the  model)  into  oscillation.  The  rig  operates  at  200  to 
400  cps,  depending  on  the  model  inertia  and  spring  length.  The  rig  is 
mounted  in  the  wind  tunnel  in  such  a  way  that  a  large  angle-of-attack 
range  can  be  covered. 


3.6.3  Measurement  of  Cross  Derivatives 

A  method  for  measuring  the  dynamic  stability  derivatives  of 
a  model  airplane  in  the  NACA  wind  tunnels  is  described  in  Ref.  140. 

The  characteristic  features  of  this  system  are  that  1)  single-degree- 
of-freedom  oscillations  were  used  to  obtain  combinations  of  rolling, 
yawing,  and  pitching  motions;  2)  the  oscillations  were  excited  and  con¬ 
trolled  by  velocity  feedback  which  permitted  operation  under  conditions 
unfavorable  for  more  conventional  types  of  oscillatory  testing;  and 
3)  data  processing  was  greatly  simplified  by  using  analog  computer  ele¬ 
ments  in  the  strain-gage  circuitry. 

The  system  is  used  primarily  for  measurement  of  the  damping 
derivatives,  C.  (damping  in  roll),  C  +  C  (damping  in  pitch),  and 
*p  “q  a 

C  -  C  .  (damping  in  yaw);  and  the  cross  derivatives,  C«  -  C.,  (roll¬ 
er  “8  *8 

ing  moment  due  to  yawing)  and  C  (yawing  moment  due  to  rolling).  The 

P 

method  of  testing  also  permits  measurement  under  oscillatory  conditions 
of  the  static  derivatives  of  rolling  moment  due  to  sideslip,  yawing 
moment  due  to  sideslip,  and  pitching  moment  due  to  angle  of  attack. 

All  these  derivatives  are  of  particular  Importance  in  estimating  the 
short-period  oscillatory  motions  of  a  rigid  airplane. 

In  measuring  the  dynamic  stability  derivatives  which  apply 
to  these  motions  there  are  certain  advantages  in  employing  oscillation 
methods,  and  most  of  the  early  measurements  of  damping  in  pitch  were 
made  from  oscillation  tests  of  a  model  in  a  wind  tunnel.  Damping  in 
roll  and  damping  in  yaw  have  also  been  measured  in  this  way,  but  ex¬ 
perimental  difficulties  have  generally  prevented  the  wide  application 
of  this  method  to  the  lateral  motions.  This  is  particularly  true  in 
the  case  of  the  cross  derivatives,  yawing  moment  due  to  rolling,  and 
rolling  moment  due  to  yawing,  although  in  one  recently  developed  method 
(Ref.  141)  the  yawing  moment  due  to  rolling  has  been  successfully  mea¬ 
sured  using  a  two-degree-of-freedom  oscillatory  technique. 


•  •  •  • 
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3.6.4  Magnus  Forces 

The  serodynsslc  forces  on  n  spinning  body  in  s  cross  flow  are 
cossonly  referred  to  as  Magnus  forces.  These  forces  cause  erratic  tra¬ 
jectories  of  conventional  rotating  nlssiles  flying  in  a  cross  wind. 

The  rotational  speed  of  spinning  projectiles  generally  is  very  large. 

In  slsulatlng  full-scale  conditions  with  a  scale  sodel  in  the  wind  tun¬ 
nel,  the  rotational  speed  has  to  be  sade  even  larger.  The  ssaller  the 
sodel  is  with  respect  to  its  full-scale  counterpart,  the  higher  the 
spin  rate  required  for  testing.  Since  electric  motors  of  the  required 
snail  size  with  sufficient  torque  are  difficult  to  build  and  operate  at 
50,000  rps  and  higher,  air  turbines  have  been  designed  and  constructed 
for  such  use  (Ref.  114). 

Figure  3-83  shows  a  schesatlc  drawing  of  the  NOL  balance  for 
spinning  models.  The  air  turbine,  of  the  Ispulse  type,  depends  upon 
expansion  of  the  gas  through  fixed  nozzles,  with  no  further  expansion 
in  the  blades  of  the  turbine  wheel.  When  small  size  is  desired  and  ef¬ 
ficiency  is  relatively  unimportant,  this  type  offers  certain  advantages 
over  the  reaction  type  (where  expansion  takes  place  through  the  fixed 
nozzles  or  vanes  and  continues  through  the  turbine  blades).  Some  of 
these  advantages  are; 

1.  Design  and  construction  of  turbine  blades  is  much  less 
critical. 

2.  Clearance  between  blade  periphery  and  housing  is  not  criti¬ 
cal,  since  no  pressure  gradient  exists  to  encourage  "spill 
over"  from  the  high  to  the  low  pressure  end. 

3.  The  number  of  nozzles  is  not  as  critical  as  it  is  for  the 
reaction  turbine,  which  requires  as  many  nozzles  as  blades 
to  prevent  leakage  between  blades. 

4.  The  open  area  between  blades  is  not  critical,  since  there  is 
no  need  for  controlled  fluid  expansion  through  them. 

The  heart  of  the  turbine  is  the  gyro-rotor-bearing  assembly. 
These  bearings  allow  rotational  speeds  in  the  order  of  120,000  rpm. 

The  inner  shaft  of  the  bearing  assembly  connects  the  model  to  the  im¬ 
peller.  The  entire  turbine  and  bearing  assembly  is  mounted  on  a  four- 
component,  strain-gage  balance  which  is  designed  for  pitching  loads  u^ 
to  50  lb.  Magnus  moments  which  are  in  the  order  of  one-twentieth  of 
the  pitching  moments  may  be  measured.  The  air  supply  which  drives  the 
turbine  is  fed  through  a  center  tube,  through  the  nozzle  box,  across 
the  Impeller,  and  is  exhausted  through  an  annulus  surrounding  the  cen¬ 
ter  tube.  Speed  is  measured  by  a  tachometer  unit  built  into  the  tur¬ 
bine  and  consisting  of  a  permanent  magnet  ring  (with  north  and  south 
poles  on  opposite  ends  of  a  diameter)  mounted  on  the  turbine  shaft  and 
a  soft-iron,  wire-wound  pole  mounted  to  the  housing  near  the  ring. 

This  combination  acts  as  a  generator,  producing  a  sine  wave  with  the 
same  frequency  as  the  turbine  speed.  The  outputs  of  the  strain  gages 
and  the  tachometer  are  fed  into  a  two-pen  Leeds  and  Northrop  Speedomax 
Wecorder.  The  actual  measurement  of  Magnus  moment  is  accomplished  in 
about  30  sec  by  accelerating  the  model  through  its  range  of  spin  rates, 
up  to  80,000  rpm,  at  discrete  angles  of  attack  while  the  tunnel  is  blow¬ 
ing.  In  this  way  a  graph  of  Magnus  moments  against  rotational  speed 
is  obtained. 
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The  balance  la  eade  of  4340  steel  heat-treated  to  Rockvell 
C-37  vlth  an  RMS  32  flash  nickel-plate  finish.  (The  gyro-rotor-bearing- 
shaft  assesbly  Q-36BD  is  manufactured  by  New  Departure  Division  of 
General  Motors,  Bristol,  Conn. )  The  impeller  and  noszle  box  are  fash¬ 
ioned  from  naval  brass  SAE  73,  and  the  tachometer  magnet  is  made  of 
carbon  steel  SAE  1095  heat-treated  to  Rockwell  C-55.  The  tachometer 
pole  is  made  of  Armco  Iron  (manufactured  by  American  Rolling  Mill  Com¬ 
pany,  Middletown,  Ohio).  The  strain  gages  used  are  type  SR-4  AB-11 
Baldwin  gages. 

Magnus  measurements  have  been  successfully  measured  at  the 
Ballistics  Research  Laboratory  on  bodies  of  revolution  at  large  angles 
of  attack  by  means  of  an  electric-motor  drive  mounted  in  the  support 
behind  the  sting-mounted  model.  The  strain-gage  balance  is  mounted  in¬ 
side  the  model,  and  both  the  model  and  balance  are  rotated  (as  opposed 
to  the  NOL  technique) ,  making  it  necessary  to  record  the  strain-gage 
outputs  on  an  oscillograph. 


3.6.5  Oltronix  Dampometer 


m 


Free-osc illation  test  results  can  be  evaluated  automatically 
by  means  of  a  Dampometer  (Ref.  142),  shown  in  Fig.  3-84.  In  this  in¬ 
strument,  the  damped  oscillation  is  represented  by  a  rotating  vector 
on  the  screen  of  a  cathode-ray  tube,  the  rate  of  decrease  of  the  length 
of  the  vector  being  a  measure  of  damping.  The  screen  of  the  cathode- 
ray  tube  is  covered  by  a  circular  disc  with  a  number  of  equally  spaced 
radial  slots,  as  seen  in  Fig.  3-85.  When  the  head  of  the  vector  moves 
on  a  spiral  path  around  the  screen,  it  passes  the  slots  of  the  disc 
and  allows  light  pulses  to  reach  a  photocell.  The  number  of  pulses 
produced  during  the  time  the  vector  decreases  from  the  outer  to  the 
inner  radius  of  the  slots  is  registered  on  an  electronic  counter,  which 
gives  the  number  directly  in  decimal  digits.  The  logarithmic  decrement 
is  inversely  proportional  to  this  number.  A  second  electronic  counter 
is  used  to  measure  the  number  of  oscillation  periods  of  a  crystal  oscil¬ 
lator  during  a  certain  number  of  pulses,  thus  determining  the  frequency 
oscillat ion. 

The  Dampometer,  which  is  commercially  avalli  'le  (Ref.  142), 
provides  several  advantages:  It  eliminates  the  tedlou'/  evaluation  of 
time-history  oscillograms  by  providing  a  single  digital  reading  at  the 
time  the  amplitude  of  oscillation  has  decreased  to  soir<  pre-set  limit. 

It  increases  the  accuracy  of  measuring  the  logarithmic  decre¬ 
ment  and  frequency  by  dividing  every  period  of  oscillation  into  a  large 
number  of  equal  parts  (this  number  being  equal  to  the  number  of  slots 
in  the  disc).  At  high  damping,  for  Instance,  Instead  of  having  one  or 
two  oscillation  peaks  for  calculating  the  decrement,  a  two-  or  even 
three-digit  number  which  is  inversely  proportional  to  the  decrement  is 
available  for  this  purpose.  The  Improvement  in  accuracy  of  primary 
data  means  that  the  static  and  dynamic  aerodynamic  derivatives  can  be 
computed  with  greater  reliability. 

It  can  be  used  to  obtain  amplitude  effects.  The  resolving 
power  is  good  enough  to  allow  investigation  so  that  a  set  of  mean 
values  of  the  logarithmic  decrement  can  be  obtained  within  a  narrow 
amplitude  range.  As  a  result,  it  is  possible  for  a  derivative  to  be 
plotted  as  a  function  of  amplitude. 


•  • 
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It  can  be  used  in  cases  of  negative  daeplng,  i.e.,  when  ae- 
plltude  increases  with  tlee. 

Its  autoeatic  zero  reset  device  resets  the  counters  as  soon 
as  the  radius  on  the  screen  exceeds  a  certain  value,  a  handy  provision 
for  cases  of  high  frequency  and  daeping,  when  tlae  nay  not  be  available 
to  reset  eanually. 

Its  high-pass  filter  may  be  adjusted  simultaneously  with  the 
phase-shifting  network,  thus  permitting  use  of  the  cock-release  method, 
as  well  as  the  continuous  oscillation,  where  the  damping  starts  when 
the  power  source  is  disconnected.  Test  of  this  device  disclosed  that 
the  error  introduced  by  It  as  a  result  of  the  distortion  of  the  Fourier 
spectrum  will  be  less  than  3^  at  a  logarithmic  decrement  of  two.  The 
error  will  be  less  at  lower  damping. 

At  the  Sandla  transonic  wind  tunnel,  the  Dampometer  was  modi¬ 
fied  so  that  It  could  be  paralleled  with  a  brush  recorder  or  vislcorder 
when  a  permanent  trace  was  required  to  quantitatively  evaluate  cases 
of  neutral  stability  or  instability.  The  deflecting  mechanism  and  dy¬ 
namic  free-osclllatlon  rigs  used  In  the  12-ln.  tunnel  are  programmed 
to  obtain  three  releases  (damping  envelopes)  during  a  15-  to  30-sec 
run.  Two  additional  sets  of  readout  counters  were  added  to  the  Dampom¬ 
eter  so  that  three  values  each  of  frequency  and  logarithmic  decrement 
could  be  recorded  during  a  run.  The  Dampometer  reduces  markedly  the 
manhours  expended  in  data  reduction  for  dynamic  tests  and  increases 
the  accuracy  in  the  calculations  of  the  static  and  dynamic  stability 
derivatives. 


3.7  Analog-to-Digital  Converters 

No  single  piece  of  instrumentation  has  contributed  as  much 
to  the  automation  of  modern  wind  tunnels  as  the  analog-to-digital  con¬ 
verter.  This  device  serves  as  the  bridge  between  the  voltage  outputs 
from  strain-gage  balances,  pressure  transducers  or  thermocouples,  and 
some  form  of  digital  data  storage  such  as  punched  cards  or  magnetic  or 
punched  paper  tape.  It  has  also  been  used  extensively  as  the  digital 
data  input  to  high-speed  calculators  which,  when  properly  programmed, 
reduce  the  data  concurrently  with  the  test  (frequently  referred  to  as 
"on-line"  data  reduction). 

Analog-to-digital  converters  (Ref.  143)  fall  into  two  main 
categories,  electro-mechanical  and  electronic.  Although  a  rather  wide 
variety  of  converters  are  available  commercially,  only  one  example  of 
each  type  will  be  discussed  herein.  Other  systems  will  be  mentioned 
briefly  in  Subsecs.  9  and  10.  It  should  be  pointed  out  that  new  de¬ 
velopments  are  constantly  being  applied  in  this  field,  and  more  sophis¬ 
ticated  equipment  can  therefore  be  expected. 

3.7.1  Electro- Mechanical  Analog-to-Digital  Converters 

The  electro-mechanical  analog-to-digital  converter  that  was 
used  operationally  from  1949  to  1955  at  the  OAL  supersonic  wind  tunnel 
is  shown  schematically  in  Fig.  3-86.  The  basic  idea  is  credited  to 
Dr.  T.  L.  Smith  of  the  Ballistics  Research  Laboratory. 

Each  indicator  has  four  channels  so  that  four  individual  volt¬ 
age  outputs  can  be  read  in  sequence  by  a  manual  change  of  the  gage  se¬ 
lector.  An  additional  channel  is  supplied  to  measure  the  out'jut  of  a 
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standard  bridge  which  serves  as  a  calibration.  The  voltage  output  from 
the  strain-gage  bridge  is  amplified  and  used  to  drive  a  servo  motor 
which  is  mechanically  coupled  to  a  large  drum  on  which  is  mounted  a 
100-point  slide  wire.  Rotation  of  this  drum  adds  a  resistance  to  the 
strain-gage  circuit  in  such  a  manner  as  to  null  the  voltage  output  from 
the  bridge.  If  the  voltage  output  is  too  great  to  be  nulled  by  a  single 
revolution  of  this  drum,  it  proceeds  to  the  end  of  its  allowable  travel 
and  actuates  a  solenoid  stepping  switch  which  rotates  a  second  drum 
equipped  with  40  step-resistors,  each  of  which  is  equivalent  to  the  re¬ 
sistance  of  the  100-point  slide  wire  on  the  first  drum.  A  coarse  bal¬ 
ance  is  then  obtained  by  the  rotation  of  the  second  drum,  and  the  fine 
balance  is  obtained  by  a  final  partial  rotation  of  the  first  drum. 

When  a  null  is  reached,  no  voltage  output  from  the  strain-gage  bridge 
remains  to  power  the  servo  motor,  and  the  two  drums  come  to  rest.  Con¬ 
tacts  are  provided  on  the  two  drums  to  supply  the  digital  output  through 
an  Interlock  system  to  an  IBM  card  punch  and  tabulator,  the  first  two 
digits  being  supplied  by  the  second  drum  and  the  last  two  digits  coming 
from  the  first  drum.  The  unit  is  designed  to  read  from  0  to  4000  counts, 
with  the  strain  gage  zeroed  at  2000  counts  to  allow  for  plus  and  minus 
bridge  outputs.  If  the  maximum  anticipated  voltage  output  is  exceeded, 
the  Indicator  sensitivity  may  be  halved  by  a  manually  operated  switch, 
and  an  appropriate  indication  of  this  change  is  automatically  recorded 
in  the  IBM  punched  card  to  assure  that  no  errors  are  made  in  the  sub¬ 
sequent  data  reduction. 

This  indicator  (six  of  which  were  built)  is  capable  of  digi¬ 
tizing  24  outputs  in  sets  of  six  at  a  time.  Approximately  20  sec  is 
required  to  cover  the  range  and  come  to  a  balance  for  one  set  of  six 
readings. 

A  more  efficient  and  more  flexible  operation  could  be  pro¬ 
vided  with  all-electronic,  single-channel  indicators,  which  would  allow 
simultaneous  recording  of  more  than  six  outputs  with  an  attendant  gain 
in  data-taklng  speed. 

3.7.2  Electronic  Analog-to-Digital  Converters 

The  electronic,  analog-to-digital,  high-speed  converter  shown 
in  Fig.  3-87  is  the  ADHEC*  (Ref.  144).  It  normally  has  a  full-scale 
input  of  10  to  75  mv  ac,  closed-circuit  outputs  for  IBM  data-processing 
machines,  and  visual  numerical  indication  from  0000  to  9999.  The  digi¬ 
tizing  requires  0.733  sec,  and  the  IBM  recording  requires  about  1.7  sec. 
A  test  parameter  change,  for  example,  in  angle  of  attack,  may  usually 
be  completed  during  the  time  needed  for  IBM  recording,  resulting  in  a 
cycle  speed  of  about  24  polnts/min.  The  normal  input  is  a  bonded  re¬ 
sistance-wire  strain-gage  (SR-4)  bridge  having  four  active  arms  and 
excited  by  9  v  ac  rms.  Thermocouple  (d-c)  inputs  may  be  used  by  trans¬ 
posing  connections  to  the  chopper.  The  full-scale  input  may  be  in¬ 
creased  by  an  external  voltage  divider.  A  programmer  controls  the  data 
cycle,  the  model  axis  parameters,  the  AOHEC,  and  the  IBM  data  machines. 

3. 7.2.1  Operational  Principles  of  the  Electronic  Analog-to-Dlgital 

Converter 

The  ADHEC  digitizer  shown  schematically  in  Fig.  3-88  takes 
the  output  voltage  of  a  four-arm  strain-gage  bridge;  amplifies  and 
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rectifies,  end  then  cospsres  It  to  known  eoltnsss.  It  then  stores 
(for  ini  readout)  end  visually  displays  the  value  of  the  known  voltage 
that  equals  the  bridge  output.  The  aspllflcatlon  Is  achieved  by  an  In¬ 
put  transforser  which  Isolates  the  digitiser  frow  the  bridge  and  the 
other  digitisers,  prMuces  a  working  signal  of  larger  sagnltude,  and 
sakes  the  rectifier  operate  full  wave.  The  rectifier,  operating  full 
wave.  Is  a  synchronous  chopper  charging  a  storage  capacitor  to  a  d-c 
voltage  with  polarity  deterslned  by  the  phase  angle  between  Input  and 
chopper  escltatlon,  which  say  be  either  0  deg  or  180  deg.  Full-wave 
operation  reduces  the  ripple  asplltude  and  Increases  the  average  charge 
on  the  storage  capacitor.  The  tine  constant  of  the  charging  circuit  Is 
dependent  upon  the  slse  of  the  storage  capacitors.  The  tine  constant 
of  3/4-sec  was  selected  to  assure  that  several  cycles  of  the  randosly 
oscillating  voltage  output  would  be  scanned  before  the  result  Is  digi¬ 
tised.  However,  too  long  a  tine  constant  will  wake  the  Instrusent  es- 
cesslvely  slow  to  rebalance.  The  second  section  of  the  rectifier 
(chopper)  serves  to  reduce  further  the  effects  of  ripple  on  the  rec¬ 
tified  Input  signal  and  also  to  reduce  the  effects  of  large  signals  on 
the  aspllfler.  This  Is  done  by  cosparlng  the  rectified  Input  signal 
voltage  and  the  known  voltage  (for  only  a  short  Interval  of  tlwe) 
shortly  after  the  chopper  has  placed  a  fresh  charge  (if  needed)  on  the 
condenser.  The  cosparlson,  at  full  charge  only.  Ignores  the  ripple 
caused  by  storage  leakage.  The  brief  Interval  of  this  error  pulse  Is 
too  short  to  block  the  awpllfler,  l.e..  It  Is  too  short  In  relation  to 
the  tine  constants  chosen  In  the  aspllfler  which.  If  changed,  would 
change  the  tube  operating  conditions  and  gain. 

The  actual  comparison  is  an  algebraic  addition  of  the  two 
voltages,  the  d-c  input  being  virtually  constant  during  the  scanning 
period.  The  known  voltage  will  change  from  less  than  the  input  to 
more  than  the  input,  the  sun  will  change  polarity,  and  the  new  polarity 
will  be  amplified  and  applied  to  the  "And'*  gate,  which  has  reference 
pulses  on  the  other  input.  This  coincidence  of  both  positive  pulses 
on  the  "And"  gate  causes  an  output  pulse,  which  fires  a  thyratroi^  pull¬ 
ing  in  a  relay  and  causing  the  number  to  be  stored. 

The  sequence  of  scanning  (steps  of  comparing)  the  known  volt¬ 
age  is  in  the  Arabic  decimal  system  (because  the  IBM  data  machines  re¬ 
quire  Arabic  decimals).  At  the  completion  of  the  sequence  four  digits 
will  be  stored  by  four  pulled-ln  relays,  which  (together)  in  the  range 
resistor  circuitry  sum  four  voltages  equal  in  magnitude  to  the  input 
d-c  voltage,  and  which  (Individually)  close  circuits  in  the  appropriate 
columns  for  the  IBM  machines.  Each  sequence  takes  0.733  sec.  The 
method  of  decade  counting  makes  possible  a  speed  of  measuring  and  stor¬ 
ing  that  would  be  impossible  by  straight  counting. 
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3. 7. 2. 2  Description  of  the  Components  of  the  Electronic  Analog-to-  • 

Digital  Converter 

The  system  consists  of  six  different  types  of  component. 
described  below. 

Digitizer  unit. — There  are  12  of  these  units  in  each  ADREC  _ 

rack,  and  each  consists  of  equipment  and  circuitry  necessary  to  digi¬ 
tize  one  analog  input  when  controlled  by  the  common  control  equipment. 

(Consists  of  1  and  3  to  8,  below.) 

Sequence  control  unit. — One  of  these  units  in  each  ADHEC  rack 
contains  the  equipment  and  circuitry  to  control  12  ADHEC  digitizers. 


•  •  • 
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This  lacludea  the  clock  end  reference  pulse  generstors,  the  sequence 
counter,  end  the  progrnsaer.  (Consists  of  9  end  10,  below.) 


Cnlibmtion  unit. — This  unit  Includes  the  calibration  stand¬ 
ard  transfOTMr,  the” gage  power  transforMr,  the  chopper  power  trans- 
fomer,  and  a  plugboard  to  sinplify  the  routing  of  the  various  Inputs 
to  the  12  indicator  units. 


Regulated  power  supplies. — Four  supplies  furnish  regulated 
d-c  and  a-c  voltages  to  the  various  units.  Each  supply  takes  care  of 
four  indicator  units  or  one  control  unit,  and  can  supply  6.3  v  a-c  at 
20  anp,  220  v  d-c  at  250  sa,  400  v  d-c  at  100  aa,  and  105  v  d-c  (bias) 

at  40  na. 


Line  voltage  regulator. — A  Sorensen  regulator  supplies  all 
the  a-c  power  for  heaters7  choppers,  bridge  supplies,  etc. 

Range  resistor  power  supply. — A  Sorensen  6.4  v  d-c  regulator 
supplies  the  voltage  for  the  range  resistor  circuits. 

In  addition  to  these  six  types  of  units,  the  rack  enclosure 
includes  all  the  interconnecting  wiring.  Connectors  are  provided  to 
tie  the  ADHEC  into  the  associated  equipment,  the  117-v  a-c  power,  and 
the  28-v  d-c  power.  The  rack  also  houses  a  blower  and  filter  to  nain- 
tain  a  slight  internal  pressure  to  prevent  entry  of  dust. 

The  equipment  consists  basically  of  the  following  elements. 

1.  Input  transformer  to  step  up  the  voltage  before  rectifying. 

2.  Provisions  to  inject  a  standard  voltage  to  calibrate  the 
equipment . 

3.  Zero-balance  circuitry  to  adjust  bridge  balance. 

4.  Two-section  chopper  to  convert  the  a-c  input  voltage  to  an 
average  d-c  voltage  (i.e.,  a  synchronous  rectifier  with  the 
dynamic  component  averaged  out)  and  to  supply  the  algebraic 
sun  of  the  rectified  bridge  voltage  and  known  voltage  to  the 
amplifier  "And"  gate  in  pulse  form. 

5.  Three-stage  amplifier  for  these  pulses  to  make  them  capable 
of  operating  an  "And"  gate. 

6.  Reference-pulse  generator  and  buffer  for  the  other  input  to 
the  "And"  gate. 

7.  "And"  gate  to  determine  the  phase  (or  polarity)  of  the  signal 
applied  from  the  amplifier  and  to  control  the  operation  of 
the  thyratron  and  relay  storage. 

8.  Source  of  known  voltage  obtained  by  a  system  of  scanning  and 
storage  relays  with  range-adder  resistors  and  range-multiplier 
resistors. 

9.  Clock  pulse  generator  and  sequence  counter  to  control  the 
scanning  and  storage  relays. 

10.  Programmer  to  automatically  control  operation  of  ADHEC  and 
associated  equipment. 
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11.  Power  Bupplies  to  supply  various  regulated  a-c  and  d-c  volt- 
ages  to  the  equlpaent. 

When  a  large  nunber  of  supposedly  identical  analog-to-dlgltal 
converters  are  aanufactured,  the  user  should  establish  that  each  unit 
is  in  fact  identical  to  the  others  in  operation.  Reference  145  dis¬ 
cusses  the  Banner  in  which  24  analog-to-digital  converters  (ADHEC)  were 
checked  for  their  linearity  and  unlfornlty. 


m 


3. 7. 2. 3  Advantages  of  the  Electronic  Analog-to-Digital  Converter 

The  ADHEC  significantly  reduces  the  cosplezity  of  data  acqui¬ 
sition  and  markedly  Inproves  reliability.  The  results  of  a  cospara- 
tive  check  of  the  ADHEC  with  the  suit 1-channel  indicator  under  actual 
operating  conditions  in  a  wind-tunnel  test  are  presented  in  Fig.  3-89 
and  show  very  good  correlation.  This  test  demonstrated  that  the  ef¬ 
fects  of  typical  model  vibration  on  the  converter  are  negligible. 
Earlier  controlled-frequency  bench  experiments,  which  showed  less  than 
1^  variation  over  a  frequency  spectrum  of  10  to  200  cps  of  +  2000- 
count  amplitude,  had  anticipated  this  result. 

The  ADHEC  is  considered  superior  to  the  multi-channel  indi¬ 
cators  (described  in  Subsec.  3.7.1)  in  the  following  ways: 

1.  Response  time  is  reduced  to  0.73  sec  compared  with  20  sec 
for  a  full-scale  balance. 

2.  Resolution  is  2-1/2  tines  greater  for  the  same  sensitivity 
setting. 

3.  Time  delays  associated  with  switching  sensitivity  are  elimin¬ 
ated. 

4.  Use  of  sufficient  number  of  single-channel  ADHEC' s  eliminates 
the  30^  increase  in  actual  running  time  on  tests  that  require 
a  selector  switching  system  when  more  than  six  simultaneous 
readings  are  desired. 

5.  Stability  is  greater  with  an  oscillating  signal  input. 

6.  Maintenance  is  materially  reduced  because  of  fewer  moving 
parts.  Relays  plug  in  as  complete  units,  and  the  entire 
ADHEC  can  be  replaced  with  a  standby  without  a  loss  of  test 
time  for  making  repairs. 

7.  It  is  applicable  to  a  wide  variety  of  measurements  which  have 
an  a-c  or  d-c  voltage  output  within  the  design  range. 


3.8  Automatic  Data  Plotting 

As  the  tempo  of  data-taking  systems  increases,  it  becomes 
Increasingly  important  that  wind-tunnel  test  data  be  assimilated  more 
rapidly.  This  requires  not  only  that  the  raw  test  data  be  reduced  by 
a  calculator,  but  also  that  it  be  plotted  rapidly  and  in  such  a  manner 
as  to  show  graphically  the  variations  in  the  test  data  due  to  model 
configuration  and  other  parametric  variables.  The  more  rapidly  the 
data  are  plotted,  the  sooner  they  can  be  examined,  compared,  and  cor¬ 
rected  should  an  error  in  data  reduction  or  a  fault  in  the  equipment 
be  evidenced. 
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The  eoet  direct  Meena  of  autoaattc  data  plottlnc  la  the  ana- 
loc  technique.  With  thia  aethod  the  voltage  outputa  from  the  aeaaurlng 
inatruaenta  are  operated  on  In  an  analog  coaputer  and  the  corrected 
data  are  plotted  Inatantaneoual;  on  a  conventional  a  -  y  plotter.  Thla 
ayatea  enablea  a  teat  conductor  to  take  a  quick  look  at  the  data  during 
the  teat,  but  it  ia  not  aa  accurate  aa  the  digital  data. 


3.8.1 


Digital  Data  Plotting 


A  ayatea  of  reducing  teat  data  concurrently  vith  the  wind- 
tunnel  test  should  be  coapleaented  with  a  versatile  and  rapid  plotting 
ayatea.  The  plotting  ayatea  deacribed  in  Sef.  146  uaea  the  conven¬ 
tional  data  plotter  (Fig.  3-90)  equipped  with  an  autoaatlc  ayabol  head. 

Punched  carda  are  fed  into  an  IBV  523  aachine,  which  aends 
the  digital  Inforaatlon  through  the  Digi-Verter  tc  the  Vari-Plotter, 
which  la  equipped  with  a  ayabol  identification  head  rather  than  a  pen 
ao  that  the  data  aay  be  identified  by  ayabol.  The  ayabol  head  autoaati- 
cally  advancea  to  the  next  ayabol  after  receiving  a  pulae  indicating  a 
change  of  type  of  inforaatlon  in  the  carda.  Thia  feature  peralta  the 
plotting  of  a  great  aaount  of  coaparative  data  on  one  abeet  of  grafA 
paper  in  an  identifiable  aanner.  The  ayabol  head  ia  equipped  with  16 
different  ayabola.  (A  later  aodel  of  the  Vari-Plotter  ia  equipped  with 
circuitry  which  autoaatlcally  advancea  the  ayabol  head  until  the  cor¬ 
rect  ayabol,  correapondlng  to  a  unique  three-digit  nuaber  froa  the  IBM 
plotting  card,  ia  under  the  haaaer.  Although  efficient  utilization  of 
the  aachine  at  ill  requlrea  that  the  carda  be  aorted  by  ayabol  prior  to 
plotting,  one  miaplaced  card  will  not  Juable  the  ayabol  order  in  the 
aldat  of  a  plot,  aa  it  can  in  the  aodel  being  deacribed  herein.) 

The  QAL  ayatea  (Fig.  3-90)  ia  capable  of  plotting  19,200 
points  per  8-hr  day  (actual  usage  is  13,000  points).  By  substituting  a 
14-point  clutch  for  the  standard  7-point  clutch  on  the  IBM  card  punch, 
this  speed  can  be  increased  by  70^,  The  Vari-Plotter  board  is  large 
enough  to  accoaaodate  two  11  x  17-1/2-in.  sheets  of  graph  paper,  enabl¬ 
ing  the  operator  to  position  one  while  the  other  is  being  plotted. 

Operational  detail  will  vary  with  the  type  of  aachine  ea- 
ployed,  but  efficient  operation  on  any  aachine  denands  certain  essen¬ 
tials.  The  first  of  these  is  that  of  a  carefully  planned  prograa. 

The  order  of  plotting  and  the  paraaeters  to  be  plotted  Bust  be  scheduled 
and  punched  on  master  cards.  The  expected  range  of  the  paraaeters  aust 
also  be  known  in  order  to  prepare  conversion  cards  that  will  be  used  in 
displaying  the  data  most  adequately  on  the  graph  paper.  A  great  deal 
of  time  aay  be  consumed  by  the  manual  setting  of  the  origin  and  the  re¬ 
quired  scales  for  any  plot.  This  time  aay  be  reduced  to  a  third  if  a 
fixed  origin  and  a  standard  scale  is  used  for  all  plots.  OAL  used  the 
center  of  the  paper  as  the  origin  and  1  in.  (or  1  ca)  as  the  scale  unit. 
The  translation  or  parallax  of  any  specific  "origin"  should  be  set  in 
the  aaster  card  as  a  constant,  and  the  scale  factor  adjusted  to  give 
the  greatest  plotting  accuracy  for  the  size  of  the  paper.  Figures  3-91 
and  3-92  show  basic  scales  and  origins  that  have  proved  satisfactory 
for  plotting  the  usual  type  of  stability  and  control  test  data.  Where 
a  great  deal  of  plotting  is  scheduled  using  the  same  scales,  Van  Dyke 
copies  of  the  axes  may  be  prepared  beforehand.  It  is  advisable  to 
check  at  least  one  point  per  curve  by  manual  calculation  and  plotting. 

Other  digital  plotting  devices  are  described  in  Ref.  147. 
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S.8.2  Analog  Conputem 

An  Inportnnt  advnntnge  derived  fron  use  of  the  analog  con- 
INiter  in  that  it  enables  wind-tunnel  operators  to  use  the  "quick- look" 
■ethod  of  eaaslning  test  results.  To  fully  utilise  this  advantage, 
operating  personnel  nust  be  acquainted  with  the  design  and  operation 
of  the  analog  systes. 

The  analog  systes  designed  and  operated  by  the  Boeing  Cos- 
pnny  satisfies  the  design  requlresents  originally  established.  These 
requlresents  called  for  a  unit  that  required  no  prograssing  or  patch 
plugging,  for  all  balance  constants  and  calibration  factors  to  be  set 
into  the  cosputer  on  calibrated  dials,  and  for  freedon  fron  sero-drift 
problens.  The  unit  was  also  to  be  as  sinple  as  possible  and  constructed 
at  siniaun  cost.  In  general,  the  cosputer  was  designed  for  an  accuracy 
of  0.8^  in  the  region  of  zero  angle  of  attack,  dropping  to  or  2%  at 
high  angles. 

To  ensure  freedon  fron  the  zero  drifts,  which  have  been 
troublesone  in  d-c  analog  conputers,  a  60-cps  a-c  current  is  used  in 
the  conputlng  networks.  Inputs  to  the  cosputer  are  taken  fron  low- 
iiqiednnce  retranssltting  slide  wires  sounted  on  the  raw  data  indicators. 
Interactions  between  balance  components  are  corrected  by  applying  the 
best  linear  approzlnatlon  of  the  interaction  curve.  This  introduces 
sone  error  in  the  case  of  balances  having  nonlinear  interactions,  but 
these  errors  have  proved  negligible.  Data  corrected  to  either  wind 
azes  or  nodel  azes  say  be  presented.  The  angle-of-attack  signal  in 
the  prototype  unit  was  obtained  fron  a  Stathan  inclinoseter  located  in 
the  sting.  The  signal  fron  this  device  goes  to  a  standard  raw-data  in¬ 
dicator  and  appears  on  one  of  the  retransnittlng  slide  wires.  The 
actual  conputatlon  involved  in  wind-tunnel  data  reduction  consists  of 
applying  scale  factors  to  a  nunber  of  terns  and  adding  then  all  to¬ 
gether.  The  unit  uses  an  analog  sunning  circuit  to  perfom  this  addi¬ 
tion,  and  the  plotters  are  nodlfled  to  act  as  self-balancing  null- 
indicators. 


One  of  the  nost  difficult  aspects  in  the  design  of  the  con- 
puter  was  the  painstaking  ezanination  of  the  data  processing  equations 
to  ensure  that  inportant  factors  were  handled  carefully,  while  factors 
which  contributed  little  to  the  final  result  were  onitted.  For  in¬ 
stance,  when  data  fron  a  staple  nodel  are  converted  to  wind  azes,  the 
contribution  of  chord  force  to  lift  is  very  snail  while  the  co'.puta- 
tion  (chord  force  tines  sin  a)  is  soaewhat  cunbersone.  This  tern  was 
therefore  ellainated  fron  the  conputatlon. 

The  conputer  itself  aakes  no  provision  for  filtering  the 
noise  nomally  found  on  the  signal  fron  wind-tunnel  balances.  This 
does  not  usually  present  any  problen  in  supersonic  wind  tunnels  where 
the  flow  is  relatively  steady,  but  it  is  severe  in  transonic  facilities. 
The  filtering  problen  nust  be  solved  in  all  cases  if  randon  digital  san- 
ples  such  as  those  taken  by  autonatlc  data  systens  are  to  represent  the 
forces  and  nonents  acting  upon  the  nodel.  In  nost  transonic  tunnels, 
however,  considerable  filtering  will  be  required,  and  even  then  sone 
unsteadiness  will  ezlst  in  the  raw  data  signal.  In  such  cases,  the 
Boeing  conputer  will  indicate  the  ezlstence  of  such  a  condition  and,  if 
a  given  test  condition  is  nalntained  for  a  period  of  tine,  will  Indicate 
the  nagnltude  of  the  disturbance  by  the  pen  excursion  at  the  point  on 
the  plot.  Fairing  curves  through  such  points  is  quite  sinple.  If  the 
disturbance  is  sufficiently  great  to  nake  fairing  of  the  final  curves 
unreliable,  it  will  Indicate  the  need  for  correction  of  the  situation. 
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The  analog  coaputer  for  the  Boeing  wind  tunnel  nay  be  adjusted 
to  perforn  any  one  of  three  operations:  1)  It  will  present  three-co«- 
ponent  data  fros  the  external  balance  systen  which  Is  used  for  testing 
large  nodels  subsonlcally;  2)  It  will  produce  final  plots  of  three-cos- 
ponent  pitch  data  taken  fros  Internal  straln>gage  balances;  and  3)  It 
will  produce  plots  of  raw  data  taken  fros  Internal  strain-gage  balances. 

The  cost  of  this  special-purpose  auiiiog  coaputer  plus  plotters 
is  less  than  half  the  cost  of  a  standard  general-purpose  analog  coa¬ 
puter  requiring  approxiaately  20  operational  aapllflers  to  do  the  saae 
Job.  While  the  latter  coaputer  would  have  greater  versatility,  it 
would  require  the  use  of  trained  personnel  for  setup  and  operation. 

It  is  possible  to  ellalnate  the  need  for  such  an  analog  coa¬ 
puter  in  the  wind  tunnel  by  resorting  to  on-line  digital  data  reduction. 
However,  the  difficulty  of  prograaalng  digital  coaputers  aaterlally  in¬ 
creases  the  tine  required  to  get  a  test  Into  operation;  furtheraore, 
sone  fora  of  raw  data  storage  is  usually  necessary  for  checking  both 
the  physical  setup  and  the  coaputation  procedures. 

Final  data  reduction  at  Boeing  Is  done  on  an  IBM  701  coaputer, 
which  Is  shared  with  other  organizations  within  the  coapany.  The  wind 
tunnel  requires  less  than  one  hour  of  701  tlae  per  day  for  data  reduc¬ 
tion. 


The  Boeing  analog  coaputer  can  be  set  up  and  operated  by  any 
aerodynaalclst,  and  practically  no  Indoctrination  Is  required.  It  pre¬ 
sents  final  data  plots  that  are  reasonably  accurate  when  coapared  with 
those  obtained  froa  the  digital  coaputer. 


3.9  Potentloaeters 


The  potent loaeter,  which  Is  widely  used  In  wind-tunnel  test¬ 
ing,  aeasures  a  potential  difference  without  drawing  any  current  froa 
the  circuit  containing  It.  During  operation  this  Instruaent  balances 
a  known  voltage  against  r ..  v.nknown  voltage  until  there  Is  no  current 
flowing  through  a  galvanometer  In  the  circuit.  In  aost  potentloaeters 
the  known  voltage  Is  varied  by  aeans  of  a  slide  wire  which  aakes  con¬ 
tact  along  a  single  or  colled  resistance  wire.  The  unbalance  of  a 
galvanoaeter  aay  be  aapllfled  mechanically,  and  the  position  of  the 
slide  wire  moved  to  the  point  of  balance  either  manually  or  by  a  motor- 
driven  systen  of  levers,  pawls,  and  gears. 

An  Improvement  on  this  slide-wire  type  Is  the  "continuous 
balance"  potentiometer,  which  utilizes  the  same  null  balance  circuit 
but  converts  the  galvanometer  unbalance  to  an  alternating  voltage  and 
then  amplifies  It  to  provide  the  operating  power  for  a  rebalancing 
motor  which  maintains  the  null  balance  continuously.  The  sensitivity 
of  measurement  Is  Increased,  time  Is  saved,  and  potentiometer  life  Is 
longer,  since  fewer  moving  parts  are  required.  Details  of  operating. 
Installing,  and  maintaining  the  continuous-balance  potentiometer  may 
be  found  In  Ref.  148. 

In  wind-tunnel  testing,  there  Is  a  constant  demand  for  poten¬ 
tiometers  of  Increased  precision.  For  maximum  accuracy  and  conformity 
of  resolution,  the  variables  encountered  In  the  winding  and  fabrication 
of  a  wire-wound  precision  potentiometer  (l.e.,  variations  In  resistance 
wire,  spacing  of  turns,  dimensions  of  card  or  mandrel,  wiper  contact, 
and  distortion  of  winding  during  fabrication)  should  be  controlled  to 
the  greatest  possible  extent. 
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There  are  ooly  Halted  realetance  ranges  available  in  single 
and  aulti-turn  units.  The  aazlaun  resistance  obtainable  in  slngle^turn 
styles  is  approziaately  250  ohas,  while  in  aulti-turn  units  this  aazl- 
aua  resistance  value  is  approziaately  250  <Aas  aultiplled  by  the  nuaber 
of  turns. 


The  use  of  a  aetal  fila  as  the  resistance  eleaent  is  being 
investigated.  The  resistivity  and  the  teaperature  coefficient  of  re¬ 
sistance  of  such  fllas  will  probably  be  very  different  froa  those  of 
wire.  Reference  149  describes  soae  ezperlaental  work  on  both  aetal  and 
plastic  fllas. 
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Table  3-2 

Loading  schedule  for  balance  calibration 


Term  being 
eva luated 

Primary  load  added 
(5  Increments) 

Secondary  load 
added  (constant) 

Number  of 
loading  setups 

A,  A* 

+A 

None 

1 

C, 

+C 

None 

2 

n,  n^ 

+n 

4 

N, 

+N 

None 

2 

.. 

+« 

-JL 

4 

i,  l2 

+1 

-Jl 

4 

■N 

+B 

+N 

4 

IN 

+1 

+N 

4 

mi 

+i,  (2)** 

8 

NA 

+N 

+A* 

2 

nA 

i™ 

4 

iA 

+i 

4 

ic 

+1 

+C 

4 

nC 

+fl 

+C 

4 

nl 

+n 

il,  (2)** 

8 

CA 

+c 

+A* 

2 

nA 

+  n 

4 

NC 

+N 

+C* 

2 

mC 

+in 

4 

Nn 

+N 

+C*,  +n* 

4 

nn 

i™ 

+C*,  in*,  i^ 

8 

Total  27  Total  83 

Definitions:  N  =  normal  force  or  lift  ■  =  pitching  moment 


A  =  axial  force  n  =  yawing  moment 

C  =  side  force  I  =  rolling  moment 


* 

Loading  utilizing  a  pulley 
♦♦  ,  .  .  N  C  . 


Force  Meaeureaent 


Table  3-3 


Table  3-3 

Characteristics  of  OAL  supports 


OAL 

Support 

IMraaeters 

■easured 

Load  Lialta 
RAC*  1  A 

(lb)  (in.  lb)  (lb) 

AnRle-of-Attack 
Raaca  (dec) 

llach  Mo. 
Ranee 

Raaarks 

-10 

f 

100 

80 

l.SO  to  2.77 

Raaote  roll  Indexing 

-IJ 

( 

100 

15 

ii* 

1.50  to  2.77 

Measure  djrnaalc  rolling  aoaant 

-IS 

R 

C 

A 

a 

a 

f 

135 

35 

40 

1.50  to  2.77 

Side  force,  100-lb  Halt 

-u 

H 

C 

A 

a 

n 

100 

40 

1.50  to  2.77 

-16 

P 

100 

-t-11  to 
10  to 

-1 

-0 

1.25 

1.50  to  3.77 

Support  has  5-deg  bead 

-18 

P 

100 

♦0 

1.25 

1.50  to  2.77 

-18* 

A 

f 

1T5 

70 

40 

«6 

♦14 

1.25 

1.50  to  2.77 

Reaote  roll  Indexing 

-10 

P 

300 

♦  13  to 

-5 

1.50  to  2.77 

Support  has  9-deg  offset; 
reaote  roll  Indexing 

-11 

P 

200 

*6 

114 

1.25 

1.50  to  2.77 

Reaote  roll  Indexing 

-11 

A 

P 

300 

400 

114 

1.50  to  2.77 

Used  for  diffuser  testk^ 

-13 

A 

f 

ISO 

ISO 

100 

♦6 

114 

1.25 

1.50  to  2.77 

Used  prlnclpallj  for  M  =  1.25 
tests;  reaote  roll  indexing 

14 

A 

f 

300 

180 

120 

IK 

1.50  to  2.77 

Reaote  roll  indexing 

-15 

Lift 

a 

n 

Draf 

900 

400 

+35 

1.25  to  2.77 

•all  aouated;  aaj  be  used  with 
or  without  reflection  plate 

-16 

P 

300 

1.50  to  2.77 

-17 

P 

100 

tl< 

1.50  to  2.77 

Reaote  control  linear  actuator; 
reaote  axial  aoveaent 

-18 

P 

ISO 

♦14 

1.50  to  2.77 

-30 

P 

200 

♦  6 
♦!♦ 

1.25 

1.50  to  2.77 

Linear  position  changed  aanually 

-31 

N 

A 

a 

n 

f 

+90 

1.25  to  2.77 

Wall  aounted;  aay  be  used  with 
or  without  reflection  plate 

-31 

-33 

P 

250 

125 

114 

+3  to 

27 

1.50  to  2.77 

1.50  to  2.77 

Linear  actuator;  remote  axial 
aoveaent 

Reaote  roll  indexing;  17-deg 
offset  angle 

-35 

P 

250 

1? 

1.25 

Linear  actuator;  reaote  axial 
aoveaent 

100 

+9  to 

23 

1.25 

Index  aanu.illy;  17-deg  offset 

-37 

+3  to 

31 

-5 

1.50  to  2.77 

1.50  to  2.77 

angle 

Reaote  roll  indexing;  9-deg 
offset  angle 

250 

-38 

A 

{ 

200 

180 

110 

ii4 

1.50  to  2.77 

mm 

P 

300 

ii4 

1.50  to  2.77 

300 

0  t 

1.50  to  2.77 

Reaote  roll  indexing;  14-deg 
offset  angle 

-41 

P 

300 

114 

1.50  to  2,77 

-41 

P 

200 

tl< 

1.73  to  2.77 

Noraal  and  side  force  applied  at  elndov  center 
Note:  Syabols  are  standard  letter  sjabols  used  in  text  and  defined  In  Table  3-2. 
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Volt*  Error 
20  40.|f»60 


80  too 


True'^Nw _  , 


True 

Volue 


Measured 
Value 

trror  is  +  2  Volts,  or  +  2%  of  Full 
Scale  Value,  or  4%  of  Actual  Point 

ERROR  IN  MEASUREMENT 


[  *— 


Tr 

Deviation 


T‘ 

Offset 


Control 
■  Point 
-Set  Point 


Resolution 
Sensitivity  I* 


Source :  Ref .  265 


Time 

DEVIATION,  OFFSET 


Output 
I  ^  Response 

Change  in 

Measured 

Variable 

Sensitivity  = 


Measured  Variable 


Threshold 
Sensitivity 

SENSITIVITY,  DEAD  BAND 


Fig,  3-1.  Graphic  reference  for  basic  measurement  terms. 


BALANCED  JUMPERS 
Ho  owipwt  dvo  to  hoofin9 
jwmpors  of  oquol  lonqfh. 


PARTIALLY  UNBALANCED 
JUMPERS 

Hootinq  jumpors  of  oqwol  iongth 
will  roswif  in  output  from  two 
jumpors. 


FULLY  UNBALANCED  JUMPERS 
Hooting  iumporo  of  oquol  longth  will 
rosvit  in  output  ftom  oil  four  jumpors. 


Fig.  3-2.  Effect  of  jumper  location  on  temperature  compensa¬ 
tion  of  strain-gage  bridge. 


O 


O  •  • 


# 


o 


o  o  o 
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Source: 


3-3.  Effect  on  C,^  when  strnln  gages  are  protected  froa  air  blast 


ric.  s-S 


Source: 

ciT  err 

1 _ 1  _ 

BAKELITE  BONDED  GAGES 

_  0AI  f%%A/llw.l  TVIBC  AB  7 

1  '  — 

■"  DALUWIIN  I  Tlx  AB-/ 

.  ? 

_ 5  M.V.  =  3580  ILln/ln. . 

»Load  Applied  (3300^ In /In.)  — —  Lood  Removed 

50  100 

Time  -  Minutes 


Fig.  3-5.  Effects  of  tlae  on  output  of  coaplete  bridge  bonded 
to  test  eleaent,  constant  applied  load. 
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- HD 

- encM 

- ■LUI 

- U.ACX 


SCHEMATIC  CONHECTION 
MACRAM 


SiCMAL 

LEADS 


Fig.  3-10.  Scheaatic  dlagraa  of  differential  aoaent  (direct 
noraal  force)  bridge,  shoeing  aethod  for  airing  electri¬ 
cal  strain-gage  circuits. 


Source;  QAL 


T' 


5  _ 


» - 1 


u, 


■•f)' 


—1 


Fig.  3-11.  Gage  location  and  wiring  dlagraa;  coa- 
posite  bridge. 
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Force  Measurement 


Source;  QAL 


Fig.  3-17 
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Source:  OAL 
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Fig.  3-42 


Force  Measurement 


20  CAL.  TANGENT  OGIVE 


note:  tail  surfaces  have  a  symmetrical 

DOUBLE  WEDGE  CROSS-SECTION  WITH 
A  0.  PERCENT  THICKNESS  RATIO 


Fig.  3-22.  Models  used  in  wlndshield-and-sting  Interference 

tests. 


Fore*  ■— or—o t 


Fig.  3’IS 


Source 


Fig.  3-27.  Noraal  force  distribution  along  exposed  portion  of  the  in¬ 
ternal  balance,  using  a  typical  cruciform  body-tail  configuration 
at  a  free-streaa  Mach  number  of  1.73. 


Fig.  3-28.  Typical  fixture  for  calibrating  internal  sting- 

supported  balances. 
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Source:  MACA 


3  4 


STRAIN  GAGES 
•.2.3.4 


^ZERO  BALANCE 
/  POfTENTIOMETER 


NULL  BALANCING 

orYmynnuPTPR — ^ 


POfTENTIOMETER- 

Flg.  3-35.  Method  of  aeasurliig  one  load  in  the  presence  of  another. 

o  INCREMENTAL  NORMAL  FORCE  (N)  LOADINGS  MADE  AT  x«y«0; 

A  INCREMENTAL  PITCHING  MOMENT  (m)  LOADINGS  MADE  BY  MOVING 
±0.1  N  FROM  x*0  TO  x*(+);  ^ 

a  INCREMENTAL  PITCHING  MOMENt  (m)  LOADINGS  MADE  BY  MOVING 
±0.1  N  FR0Mx»0T0x»H; 

%  INDICATES  LOADING  MADE  IN  PRESENCE  OF  FULL  CONSIANT  ±N. 
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STRAIN  GAGES 

1  AXIAL  FORCE  4  YAWING  MOM. 

2  NORMAL  FORCE  5  FTTCHING  MOM. 

3  SIDE  FORCE  6  ROLLING  MOM. 


m 
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Fig,  3-40 
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Fig,  3-42.  JPl,  balance  and  suspension  system 


Fig.  3-43 


NAVORD  Report 


Fig.  3-43.  JPL  six-component  external  balance 


••AIIUTM  itm 


Source 


Source:  Q&L 


RCFLCaiON 

PLATE 


STRUT 


Fig>  3-50.  Cross-section  of  half-eodel  eounted  on  flve- 
couponent  side-wall  balance. 


Source:  OAL 


Force  Measureaent 


Fig.  3-51 
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Force  Meeaureaent  Pig*  3-54 


0  5  10  15  20 

Spanwlse  Net-Load  Location  (in.) 

(Travel  of  chordvise  net-load  location  is  assuaed 
less  than  1.80  in.  froa  hinge  line) 

Fig.  3-53«  Maximum  allowable  lift  and  drag  load  for  flexure- 
pivot  wall-mounted  support. 

Source :  OAL 


Fig.  3-54.  Typical  three-dimensional  hinge-moment  model. 
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SECTION  A-A 


rig.  9-55 


Force  Measurement 


Fig.  3-56 


( 


Source : 


OAL 


Fig.  3-56.  Typical  installation  foi  leasuring  flipper  hinge 

moment , 
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Fig.  3-57 
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Force  Measurement 

Fig.  3-59  ^ 

Fig.  3-61.  Balance  arrangeaent  in  OAL  test  section 
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Source:  OAL 
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CLC 

1 

!• 

ti 

1  i 

1 - 1 

h —  — 

\ 

T 

I 

Straight  Extension 
(Fits  any  support) 

E  -4:  L  =  12.979 
E  -5:  L  =  4.988 
E  -6:  L  =  5.000 
E-13:  L  =  7.500 
E-14:  L  =  16.000 
E-16:  L  =  8.000 


Spacer 

(Fits  -21  support) 

E-37;  L  =  2.00 
E  -7  L  =  5.00 
E  -8  L  =  7.00 
E  -9:  L  = .9.00 


Base 

(For  -10  support) 

E  -1:  L  =  4.438 

E  -2:  L  =  12.435 
E  -3:  L  =  8.425 

(For  -19  support) 

E-22:  L  =  3.50 

E-23:  L  =  3.87 

E-27:  L  =  6.00 

E-29:  L  =  4.50 

(For  -21  support) 

E-24:  L  =  5.380 

E-25:  L  =  6.630 


Bent  Extension 
(Fits  any  support) 


E-11:  L’ 

=  1.375, 

L  =  5.00, 

e 

E-12:  L’ 

=  1.125, 

L  =  5.40, 

e 

E-30:  L* 

=  0.875, 

L  =  4.56, 

e 

(For 

-23 

support) 

E-19 

L 

=  3.50 

16. 

75® 

E-20 

L 

=  5.50 

9. 

.00® 

E-21 

L 

=  7.50 

5. 

00® 

E-28 

L 

=  13.50 

E-38 

L 

=  4.50 

Offset  Extension 
(Fits  any  support) 


(For 

-24 

support) 

E-17: 

L 

=  3.87 

E-18: 

L 

=  5.87 

E-26: 

L 

=  8.00 

E-39: 

L 

=  4.87 

(For 

-32 

support) 

E-34: 

L 

=  6.50 

( For 

-35 

support) 

E-35: 

L 

=  7.00 

(For 

-38 

support) 

E-36:  H  =  3.873,  L  =  4.025,  0  =  6.00® 
E-10:  L  =  2.680,  6  =  6.00® 
E-15:  H  =  4.625,  L  =  9.688,  $  =  9.00® 


E-31:  L  =  3.81 

E-32:  L  =  5.81 

E-33:  L  =  7.81 


Fig.  3-62.  Characteristics  of  OAL  extensions,  spacers,  and 

support  bases. 
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Fig.  3-64 
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Source;  OAL 


Fig.  3-64.  Roll  angle  indexing  control  panel. 


Source:  OAL 


Rolling  Movent  Flexure  Arm 


Axial  Force  Flexure  Am 


Fig.  3-65.  Side  view  of  OAL-24  two-covponent  roll-indexing  sup¬ 
port,  showing  rolling  vonent  flexure  am  and  axial-force 
flexure  am. 
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Fore* 


It 


Fit.  S>Ta 


Source:  JFL 


OUTPUT 


Fig.  3-71.  Schaerltz  differential  transforuer. 


PHASE 

SHIFT 


t 


PUSH  SUTTOH 


MCCHaNicat  CONNKTious  Source:  High-Speed  Aero  Lab,  HAS  (Canada) 
ELECTHICaL  COHNCCTIOM 


Fig.  3-72.  Block  diagrau  of  free  oscillation  with  feedback 

excitation. 


Fig 


3-78 
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Fig.  3-73.  Test  rig  for  oscillation  in  pitch. 
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Force  Moeenreeant 


Fir.  a-74 


Source 


yig.  3-80 
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>] 


Fig.  3-80.  Schematic  drawing  of  rpm  counter  for  dynamic  steady- 

roll  balance. 


Balance  Power  Cathode  Ray  Audio  = 

Supply  and  Speed  Oscilloscope  Oscillator  EPOT  Meter 

Control 


Fig.  3-81.  Arrangement  of  dynamic  roll  balance  and  associated 

equipment. 
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Force  Measureaent 


Fig.  3-84 


Fig.  3-84.  Oltronix  dampometer. 
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Fic.  3-91 
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Fig.  3-91.  Bailc  standard  acale  for  conventional  throe-component  date 
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Fig.  3-92.  Basic  standard  scale  for  other  general  data. 
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4.  Temperature  Measurement 


Temperature,  a  primary  variable  in  many  analytical  expressions 
describing  the  flow  of  a  gas,  is  one  of  the  fundamental  properties  of 
natter.  To  define  completely  the  state  of  a  perfect  gas,  it  is  neces¬ 
sary  to  determine  only  two  Independent  properties,  of  which  temperature 
nay  be  one.  No  complete  theory  adequately  explains  the  nature  of  a 
body's  temperature.  However,  in  dealing  with  gases,  temperature  can 
be  visualized  as  an  indication  of  the  kinetic  energy  level  of  the  mole¬ 
cules  in  their  random  translational,  rotational,  and  vibrational  nodes 
of  motion.  Much  of  the  material  appearing  in  this  subsection  was  de¬ 
rived  from  Refs.  1  and  151  (Section  D) . 


♦) 


Stream  temperature.  T^^,  is  frequently  referred  to  as  static 

and  is  defined  as  the  equilibrium  temperature  of  a  particle  moving  con¬ 
fluent  with  the  stream  in  the  absence  of  radiation.  If  the  stream 
velocity  is  adiabatically  reduced  to  zero,  the  gas  attains  its  stagna¬ 
tion  temperature.  T  .  It  is  not  feasible  to  measure  stream  temperature 

directly  because  the  flow  is  disturbed  by  insertion  of  a  probe;  a  rela¬ 
tive  velocity  always  exists  between  stream^  and  probe,  changing  the 
local  fluid  temperature  near  the  probe.  The  best  that  can  be  done  is 
to  design  a  probe  which  disturbs  the  stream  in  a  predictable,  consist¬ 
ent  manner.  With  this  knowledge  it  is  then  possible  to  calculate  the 
probe  temperature,  T^.  The  relation  between  probe  temperature  and 

stream  temperature  is  usually  determined  by  experiment. 


The  relation  between  stream  temperature  and  stagnation  tem¬ 
perature  is 


To  -  = 


K  c 


ps 


‘^pa 


(4-1) 


where 


c  =  c  at  standard  temperature  (540*R)  =  0.2398 
ps  p 

c  =  c  at  actual  temperature 
pa  p 

This  relation  is  plotted  in  Fig.  4-1.  Equation  4-1  is  only  true  for 
relatively  small  values  of  (T^  "  Tj  where  an  average  value  of  Cp^^  may 

be  used.  For  larger  differences  an  integrated  value  should  be  found. 

The  probe  temperature,  T^,  is  usually  between  T^  and  T^.  The 

difference  between  T  and  T  is  caused  by  shear  work  in  the  boundary 

P  ® 

layer,  beat  conduction  along  the  probe,  and  radiation  between  the  probe 
and  its  environment.  At  temperatures  of  the  order  of  2000”R  caloric 
imperfections  are  no  longer  negligible  and  at  about  5000*R  the  effects 
of  dissociation  and  recombination  must  also  be  considered  (see  Ref.  152). 
When  the  probe  reaches  equilibrium  conditions  with  its  environment,  and 
no  heat  flows  either  into  or  out  of  its  surface,  it  is  said  to  be  at  the 
adiabatic  temperature,  T  • 


•  • 
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For  adlahattc  MB-lBrntroplc  flow 


T  =  T  +  r 
p*  • 


(4-1) 


Bh«r« 


r  =  racoverp  factor 


Coablalac  I4B.  4-1  and  4-2  give 


(4-3) 


The  ■agnitade  of  r  la  gaaea  elll  aleaya  be  above  aero  aod  uaually  leaa 
thaa  1.0 

la  laataar  booadary- layer  floe,  experleace  abova  the  recovery 
factor  to  be  aot  oaly  a  veak  foactloa  of  Hach  auaber  aad  keyaolda  aua- 
ber,  hnt  a  atroag  fuactioa  of  Praadtl  auaber  aad  geoaetry  of  the  probe, 
where  Praadtl  auaber,  Pr,  la  a  dlaeasloaless  ratio  deflaed  by 


(4-4) 


Cp  =  local  specific  heat  at  coastaat  pressure 
p  =  local  viscosity 

k  =  local  coefflcleat  of  tberaal  coodoctlvlty 

Althoui^  each  of  these  paraaeters  varies  with  teaperature  as 
shows  la  Figs.  4-2  aad  4-3,  Pr  reaalas  approxleately  coastaat  for  gases 
over  a  wide  raage  of  teaperature. 

la  laaloar  flow  Polhausea  has  shows  that 


r  =  (Pr)^ 


(4-5) 


la  rooa»-teagieratare  air,  Pr  ~  0.70,  glvlag  r  =  0.835;  however,  experl- 
aeat  (kef.  153a)  shows  the  actual  flat -plate  laaloar  recovery  factor  to 
be  slli^tly  hl^er  thaa  this  (r  ~  0.88). 

lo  turbwleat  flow,  the  sltuatloo  chaoges  slace  the  effect  of 
bouadary- layer  aoaeotua  traosfer  oust  be  locluded  lo  aoy  theoretical 
aoa lysis.  For  a  flat  plate. 


r  ~  (Pr)^ 


(4-6) 
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4. 


BxperlBents  (Ref.  ISSe)  show  the  flat-plate  recovery  factor  to  be  about 
0.90  for  the  turbulent  case.  During  transition  fron  laninar  to  turbu¬ 
lent  conditions,  the  recovery  factor  nay  increase  above  both  the  laninar 
and  the  turbulent  value. 

The  recovery  factor  of  various  geonetric  shapes  has  been  de¬ 
termined  in  air  and  a  sunaary  of  the  existing  data  (Refs.  153a  and  lS3h) 
is  presented  in  Table  4-1. 


The  correction  factor  for  a  tenperature  probe  is  usually  de¬ 
fined  as 


K  = 


(4-7) 


This  factor  Includes  all  effects  of  sten  conduction,  radiation,  and 
boundary  layer.  For  an  adiabatic  probe  the  first  two  effects  are  zero, 
and  K  becones  r.  The  correction  factor  is  usually  deternined  by  cali¬ 
bration  in  flows  of  known  tenperature.  Though  it  would  theoretically 
be  desirable  to  design  a  probe  for  which  K  =  1,  it  is  in  practice  sore 
desirable  to  design  one  for  which  K  is  relatively  constant  in  the  range 
of  tenperature,  stream  velocity,  and  angle  of  yaw  to  be  explored.  Cor¬ 
rection  factors  of  the  order  of  0.99  have  been  achieved  over  a  Hach  num¬ 
ber  range  from  0.2  to  3.0  (Refs.  153c  and  153d). 


In  order  to  establish  thermal  equilibrium  for  a  p':obe,  the 
stem  conduction  and  radiant  heat  transfer  must  be  balanced  by  the  con¬ 
vective  heat  transfer  through  the  boundary  layer,  This  is  expressed 

by 

‘'o-“p<VV  *  * 

where 

h  =  convective  heat-transfer  coefficient 

Ap  =  wetted  area  of  thermometric  device  ® 

Tp^  =  adiabatic  probe  tenperature 

The  heat  transfer  coefficient,  h,  is  a  function  of  the  geometry  of  the 
immersed  body,  the  thermal  conductivity  of  the  immersing  fluid,  k,  the 

Prandtl  number,  the  Reynolds  number,  and  the  flow  regime  (i.e.,  laminar  * 

or  turbulent). 

=  constant  Re"  •  Pr**  ( 4-9) 


where 


D  -  characteristic  dimension  of  the  body  which  also  enters  in  Re. 


Both  n  and  n  are  positive  exponents  less  than  unity  and  depend  on  the 
geometry  and  the  direction  of  the  heat  flow  at  the  surface. 


•  •  • 
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The  noii-dieeiiBl(»el  quantltT,  Is  known  as  the  Musselt 

nuaber,  Ru.  Another  useful  peraaeter  In  heat  transfer  calculations  Is 
the  Stanton  nuaber,  St,  vhlch  Is  defined  as  a  coefficient  of  heat  trans¬ 
fer  and  any  be  expressed  as  * 

In  the  aost  efficient  teaperature  probes  the  sensing  eleaent 
Is  near  the  stagnation  point  where  the  flow  is  laainar.  In  such  air 
flows,  whose  Pr  nay  be  represented  by  0.74,  Bq.  4-9  nay  be  approxiaated 
(Bef.  156)  by 


^  =  0.02  (Be)®*® 


(4-10) 


In  supersonic  flow  the  detached  bow  ware  reduces  the  stream  velocity  to 
a  subsonic  value  at  the  nose  of  the  probe.  Increasing  the  strean  tea- 
perature  but  not  affecting  the  stagnation  teaperature.  The  Reynolds 
nuaber,  the  heat  transfer  coefficient,  and  the  correction  factor,  K, 
should  all  be  related  to  the  subsonic  flow  characteristics. 


4.1  Effect  of  Stea  Conduct i<m  on  Probe  Temperatures 

The  tern  "stea  conduction"  refers  to  beat  conduction  froa  the 
sensing  eleaent  of  the  probe  to  cooler  parts  of  the  supporting  struc¬ 
ture.  The  error  in  probe  temperature  due  to  stea  conduction,  (^7  )  , 

Is  given  (in  Bef.  151)  as  ^ 


where 


(4-11) 


T^  =  temperature  of  coolest  part  of  structure 


L  =  depth  of  ianersion 

k  =  effective  thermal  conductivity  of  the  support  material 
=  effective  cross-sectional  area  presented  to  the  heat  flow 


The  stea  of  a  probe  is  usually  composed  of  thermocouple  leads, 
an  Insulator,  and  a  metallic  sheath.  These  aaterials  must  all  be  con¬ 
sidered  when  calculating  k.  The  beat  of  conduction  may  be  minimized  by 
increasing  the  wetted  area  of  the  probe,  by  using  fine  lead  wires,  and 
also  by  utilizing  materials  of  low  conductivity  for  the  supporting  stem. 
For  a  aore  detailed  analysis  of  stea  conduction  see  Refs.  151,  157,  158, 
and  159. 


4.2  Effect  of  Badiant  Heat  Transfer  on  Probe  Temperature 

In  a  total  teaperature  probe  the  sensing  element  at  the  stag¬ 
nation  point  will  radiate  heat  to  its  environment  and  thus  reduce  the 
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indicated  teaperature.  In  order  to  alniaiae  radiation  effects  the 
theraocouple  junction  should  be  as  saall  as  is  consistent  with  struc¬ 
tural  Integrity  and  life  considerations. 


The  sensing  eleaent  of  the  probe  should  be  surrounded  by  a 
radiation  shield  aade  of  aaterial  ahose  heat  conductlrity  and  surface 
eaisslvlty  are  both  low.  Since  the  teaperature  of  the  shield  will  in 
general  be  lower  than  that  of  the  probe,  the  teaperature  reading  will 
be  affected  by  its  physical  properties.  The  error  in  reading  due  to 
radiation,  (dX  )  ,  nay  be  calculated  (Ref.  151)  fron 


(dT  ) 

'  p'  r 


-  (™i)1 


(4-12) 


where 


a  =  Stefan-Boltznann  constant 

£  =  emissivity  of  the  tenperature-sensing  eleaent 
=  temperature  of  the  radiation  shield 


In  order  to  nininize  the  radiation  error,  b  should  be  as  large 
as  possible,  and  the  teaperature  difference  between  the  sensing  eleaent 
and  the  shield  should  be  as  saall  as  passible.  It  is  difficult  to  pre¬ 
dict,  or  to  maintain  constant,  the  enissivlty  of  base-aetal  probes  whose 
surfaces  oxidize  in  the  presence  of  high-tenperature  gases.  Enissivity 
values  of  0.85  for  black  oxide  films  and  0.57  to  0.72  for  initially 
polished  stainless  steel  are  suggested  (Ref.  159).  The  enissivity  of 
base-metal  thermocouples  with  oxidized  surfaces  can  be  substantially  re¬ 
duced  by  using  materials  (such  as  gold  and  silver,  with  an  enissivity 
of  0.03  to  0.05,  or  platinum,  with  an  enissivity  of  0.12  to  0.18)  which 
are  not  subject  to  oxidation  and  therefore  will  retain  their  effective¬ 
ness  as  radiation  shields  at  all  temperatures  below  their  melting  points. 
In  special  cases  the  radiation  error  nay  be  eliminated  by  electrically 
heating  the  radiation  shield  to  the  temperature  of  the  probe.  This 
scheme  is  complicated,  tine  consuming,  and  costly  except  for  laboratory 
experiments. 


•  • 


Figure  4-4  shows  the  effect  of  radiation  on  simple  thermo¬ 
couples,  both  with  and  without  shield.  The  radiation  effects  decrease 
rapidly  as  the  velocity,  and  hence  b.  Increases. 


Effect  of  Turbulence.  Secondai 
ment  on  Probe  Temperatures 


Plow,  and  Mon-Steady  Measure- 


Little  is  presently  known  about  the  effect  of  unsteady  flow 
on  the  reading  of  a  stagnation- temperature  probe.  Since  variation  in 
stream  velocity  and  angle  of  attack  are  largely  damped  out  by  the  nor¬ 
mal  shock  that  is  characteristic  of  the  diffuser-type  probe,  it  can  be 
expected  that  such  an  instrument  will  not  be  greatly  influenced  by  un¬ 
steady  flows.  However,  if  the  stream  disturbances  become  large,  they 
could  stall  the  diffuser  and  change  the  internal  flow  pattern  con¬ 
siderably. 


•  • 
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When  the  Beynolds  number  (bused  on  probe  dlnaeter)  becomes 
less  than  about  100,  viscous  effects  may  give  rise  to  recovery  factors 
greater  than  1.0.  These  effects  are  significant  only  in  the  flow  of 
rarefied  gases  and  when  extremely  small  probes  are  used  (Ref.  160). 

4.4  Design  of  Temperature  Probes 


The  design  of  a  probe  will  generally  be  satisfactory  only 
for  the  specific  purpose  for  mblch  the  probe  is  intended,  since  it  is 
so  greatly  affected  by  such  characteristics  as  stream  velocity,  Reynolds 
number,  and  range  of  temperatures.  Of  these  characteristics,  the  stream 
velocity  is  perhaps  the  most  critical.  This  is  particularly  true  in 
the  wind-tunnel  field,  where  low  velocities  are  usually  closely  allied 
with  moderate  temperatures  and  small  temperature  differences.  In  this 
regime  stem  conduction  effects  predominate.  Temperatures  become  more 
extreme  as  the  Hach  number  of  the  flow  increases  and  the  limiting 
values  of  the  static  and  stagnation  temperatures  differ  as  the  square 
of  the  velocity  (Eq.  4-1).  In  this  flow  regime  radiation  effects  pre¬ 
dominate. 


For  very  low  velocities  with  small  temperature  differences 
radiation  effects  are  small,  and  temperatures  may  be  measured  by  means 
of  mercury  thermometers  or  bare  thermocouples  with  appropriate  correc¬ 
tion  factors.  Frequent  calibration  is  necessary  with  bare  thermocouples 
since  the  recovery  factor  varies  from  0.6  to  0.8,  depending  on  the  type 
of  weld  and  the  alignment  of  the  Junction  with  the  flow.  Radiation  ef¬ 
fects  nay  be  reduced  somewhat  by  plating  the  sensitive  section  with  gold, 
silver,  or  platinum,  thus  lowering  the  emlssivlty.  At  the  same  time, 
however,  the  film  coefficient  is  also  reduced  and  part  of  the  benefit 
cancelled.  This  technique  should  only  be  used  in  flows  which  are  dust 
free.  To  ensure  accuracy  within  1"f,  proper  caution  must  be  exercised 
in  the  mounting  and  correction  of  thermocouples  and  mercury  thermometers 
for  stem  conduction.  Specifications  for  the  use  of  mercury  thermometers 
are  detailed  in  Refs.  161,  162,  and  165.  The  necessary  considerations 
include  sufficient  immersion  of  the  bulb  and  the  application  of  a  cor¬ 
rection  factor  based  on  average  stem  temperature.  Similar  precautions 
in  the  use  of  thermocouples,  bare  or  in  wells,  are  discussed  in  Refs.  164 
and  165. 


Where  the  velocity  of  the  flow  is  too  low  to  provide  suffi¬ 
cient  convective  beat  to  balance  the  conductive  and  radiative  beats, 
it  nay  be  increased  by  the  use  of  an  aspirator.  Such  a  probe,  shown 
below,  is  described  in  detail  in  Ref.  166. 


Ta^«ratar« 


4.4 


The  rnuriienrtl  air  velocity  eay  be  regelated  eatil  i 
ture  eqaillbriee  is  reached.  The  suction  tube  also  acts  as  a  radiation 
shield.  The  effect  of  nass  floe  of  air  on  the  indicated  tenqperatnre  of 
such  a  probe  (Kef.  166)  is  shorn  belos. 


In  conbustion  ezperinents,  where  there  are  high  tenperatures  and  low 
velocities,  the  suction  tube  nay  be  packed  with  refractory  tubes  which 
surround  the  hot  junction. 


# 


Where  the  strean  velocity  is  high  (transonic  or  supersonic), 
it  Hust  be  decelerated  to  sone  optlnun  value  dictated  by  the  beat  bal¬ 
ance  between  the  convective,  conductive,  and  radiative  heat  contribu¬ 
tions.  This  critical  velocity  will  be  dependent  upon  the  total  ten- 
perature,  the  tenperature  difference,  and  the  Keynolds  nunber  (based 
on  probe  dlaneter)  as  well  as  <mi  the  probe  naterial  and  configuration. 
The  deceleration  is  usually  acconpllshed  by  neans  of  a  diffuser  or 
stagnation  chanber.  A  typical  probe  of  this  type  is  the  Prana  probe 
shown  below. 


g) 


•  • 


Vent  holes  allow  the  gas  to  escape  before  it  has  been  cooled  bf  the 
outer  surface.  The  size  and  nusber  of  the  vent  boles  behind  the  sens¬ 
ing  junction  detemlne  the  nass  flow  rate  of  the  air  and  the  beat  trans¬ 
fer  coefficient  of  the  probe  surface.  The  stagnation  chanber  is  also 
the  radiation  shield.  Such  an  Instruaent  is  insensitive  to  angles  of 
yaw  up  to  the  stall  angle  of  the  diffuser.  Prana  determined  the  re¬ 
covery  factor  to  be  1.0  up  to  650  ft/sec  air  velocity.  A  siallar  probe 


•  •  • 
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designed  by  Eckert  (Ref.  167)  had  a  recovery  factor  of  0.99  up  to  980 
ft/sec. 


A  staple  probe,  easily  aanufactured  and  rugged  enough  to 
withstand  the  severe  vibrations  encountered  in  supercharger  testing, 
was  developed  by  Pratt  and  Whitney.  Its  outer  diaaeter  is  only  0.1  in., 
but  at  high  teaperatures  it  should  be  surrounded  by  one  or  aore  radia¬ 
tion  shields.  The  probe  design  and  its  recovery  factor  as  a  function 
of  both  air-flow  speed  and  angle  of  attack  are  shown  in  Fig.  4-5. 

In  high  Mach  nuaber  tunnels  it  is  necessary  to  have  elevated 
stagnation  teaperatures  in  order  to  avoid  condensation  effects  in  the 
test  section.  Since  the  teaperature  gradient  is  high  the  saapling  area 
should  be  ainiaized;  this  requires  probe  entrances  of  the  order  of  1  aa. 
Reference  168  gives  details  of  the  design  and  calibration  of  several 
such  probes  which  were  used  at  Mach  nuabers  froa  1.5  to  7.6  at  teapera¬ 
tures  up  to  800”K.  All  the  probes  were  of  the  saae  basic  design  shown 
below. 


The  shield  is  aade  of  low  conducting  silica  coated  with  platinua  to  re¬ 
duce  conduction  losses.  It  is  ceaented  to  the  stainless  steel  holder 
by  Beans  of  a  thermally  Insulating  ceaent. 


The  thermocouple  is  30  or  38  gage  iron-constantan  wire,  fiber¬ 
glass  Insulated  and  sealed  in  a  silica  support  by  means  of  thermally  in¬ 
sulating  cement.  The  exposed  surface  of  the  support  is  platinum  plated. 
Three  elements  were  varied,  the  ratio  of  the  area  of  the  vent  holes  to 
the  entrance  area,  the  shield  design,  and  the  exposed  length  of  the 
thermocouple.  The  probes  were  calibrated  at  several  Mach  nuabers  and 
under  a  range  of  stagnation  teaperatures.  The  correction  factor,  K 
(also  often  called  the  recovery  factor,  r) ,  is  shown  as  a  function  of 
Reynolds  nuaber,  Mach  nuaber,  stagnation  teaperature,  vent-to-entrance- 
area  ratio,  and  length-to-dlaaeter  ratio  in  Figs.  4-t>  to  4-9.  For  a  com¬ 
plete  understanding  of  these  fig^ures  and  the  many  parameters  involved 
in  them  one  should  read  Ref.  168.  A  brief  examination  of  the  figures 
however,  will  point  up  several  facts,  the  aost  important  of  which  is 
the  need  to  calibrate  a  teaperature  probe  over  the  full  range  of  param¬ 
eters  that  will  be  involved  in  a  test.  Such  calibration  aay  require 
much  ingenuity  in  providing  flows  of  known  parameters  in  the  given 
range.  The  correction  factor  (or  recovery  factor)  becomes  constant  be¬ 
yond  a  critical  value  of  aost  of  the  parameters,  but  below  this  value 
it  is  well  defined.  It  is  possible  to  determine  an  optiaua  ratio  for 
the  vent-to-entrance  areas  and  also  for  the  length-to-diaaeter  ratio 
and  thus  ainiaize  the  change  in  correction  factor  due  to  the  unavoid¬ 
able  parameter  ranges  imposed  by  test  conditions.  Under  the  conditions 
of  the  tests  described  in  Ref.  168,  the  conduction  error  is  auch  greater 
than  the  radiation  error.  This  is  reflected  in  the  fact  that  increasing 
the  length  of  exposed  thermocouple  vires  reduces  the  total  error  by  in¬ 
creasing  the  area  over  which  convective  heat  transfer  takes  place.  The 
balance  between  the  three  types  of  heat  transfer  is  critically  depend¬ 
ent  on  the  probe  construction  and  the  environment  in  which  it  is  used. 
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4.5  Thermo-Blectric  Thermometry 

The  most  versatile  method  of  measuring  the  solid-body  tem¬ 
perature  of  a  probe  utilises  the  thermo-electric  power  of  a  bimetallic 
thermocouple  circuit.  This  technique  is  most  common,  since  it  offers 
precision,  low  cost,  and  simplicity  of  operation. 

Although  a  thermal  emf  is  developed  when  the  junctions  of 
any  two  dissimilar  metals  are  maintained  at  different  temperatures, 
only  certain  combinations  of  metals  are  suitable  for  use  as  thermo¬ 
couples.  The  combinations  most  extensively  used  are  given  in  Table  4-2 
together  with  their  pertinent  characteristics.  For  the  measurement  of 
temperatures  up  to  5800”F  thermocouples  are  made  of  tungsten  and  tung¬ 
sten-molybdenum  (Ref.  169);  for  temperatures  up  to  3800  F,  iridium  with 
an  iridium-ruthenium  alloy  (Ref.  170).  Much  additional  information  on 
other  metallic  combinations  is  readily  available  in  the  literature 
(e.g..  Refs.  171  to  178). 

The  life  of  a  chrome 1-alumel  or  an  iron-constantan  thermo¬ 
couple  is  approximately  1000  hr  when  used  at  atmospheric  pressure  with¬ 
in  its  normal  temperature  range  (Table  4-2). 

Thermocouples  are  formed  by  welding,  soldering,  or  brazing 
together  the  appropriate  wire  secured  from  a  reputable  manufacturer. 
Procedures  and  precautions  in  the  manufacture  of  junctions  are  detailed 
in  Refs.  165  and  172.  The  recovery  (or  correction)  factor  of  a  thermo¬ 
couple  is  dependent  upon  the  type  of  junction,  i.e.,  whether  it  is  a 
butt  weld,  a  twisted  weld,  or  a  ball  weld,  and  also  upon  the  orientation 
of  the  wire  to  the  fluid  flow. 


Clean  air  appears  to  be  the  best  protective  atmosphere  for 
thermocouples  at  high  temperatures.  Reducing  and  corrosive  gases  will 
quickly  deteriorate  most  thermocouple  metals,  resulting  in  large  fixed 
errors  which  are  difficult  to  detect.  Such  applications  require  elabo¬ 
rate,  gas-tight  shielding  of  the  Junction.  Cold  working  of  thermocouple 
wire  will  result  in  errors;  therefore  care  should  be  exercised  to  avoid 
kinks  or  sharp  bends. 


Steep  temperature  gradients  may  cause  large  errors  with  other¬ 
wise  "homogeneous”  wire.  Installations  should  be  insulated  to  reduce 
temperature  gradients  along  the  thermocouple  wire. 


The  method  usually  followed  to  connect  thermocouple  circuits 
requires  that  all  intermediate  junctions,  switch  gear,  and  instruments 
be  maintained  at  room  temperature,  appropriately  shielded  from  drafts, 
radiation,  and  stray  electric  fields  (Ref.  179).  The  low-temperature 
junctions  are  usually  maintained  in  an  ice  bath  contained  in  a  thermos 
bottle.  In  low-precision  work  the  room  temperature  indicated  by  a  mer¬ 
cury  thermometer  is  often  used  as  a  reference;  the  "cold"  junction  is 
frequently  in  the  instrument. 


The  uncertainty  interval  to  be  expected  with  new  thermocouple 
wire,  using  the  manufacturer's  published  data,  can  be  secured  from  each 
supplier.  An  example  of  such  data  (Ref.  176)  is  presented  in  Table  4-2 
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4.5.1  Indiot ing  Instrwents  for  Use  with  Therwocouples 

The  "direct-deflection"  and  "null-reading"  Methods  are  com- 
■only  eaployed  to  prowide  a  visual  reading  of  the  resultant  eaf  exist¬ 
ing  in  a  thermocouple  circuit.  A  typical  therwocouple  will  produce  an 
eaf  of  30  pw/"F  tewperature  difference  between  the  junctions.  The  ac¬ 
curate  MeasureMent  of  such  Minute  potentials  requires  precision  instru¬ 
ments  and  careful  circuit  construction. 

The  direct  deflection  method  usually  employs  a  millivoltmeter 
to  indicate  the  emf.  The  less  sensitive  instruments  are  often  supplied 
with  scales,  reading  temperature  in  degrees  Fahrenheit  or  Centigrade  for 
some  specific  combination  of  thermocouple  metals.  Higher  accuracy  is 
obtained  through  the  use  of  a  sensitive  instrument  which  is  calibrated 
for  each  specific  thermocouple  at  appropriate  "fixed  points"  on  the 
absolute  temperature  scale. 

Circuit  resistance  will  introduce  an  error  in  the  direct  de¬ 
flection  measurement  because  current  is  flowing  in  the  circuit  during 
the  reading.  Hence,  with  this  method,  great  care  must  be  exercised  in 
establishing  contacts  and  junctions. 


The  null  method  uses  some  form  of  potentiometer  which  is  ini¬ 
tially  balanced  against  a  standard  cell.  Many  forms  of  these  instru¬ 
ments  are  available,  the  best  giving  accuracy  to  about  0.0001  mv  or 
about  l/300ti“F  for  iron-constantan  couples.  No  current  flows  when  the 
galvanometer  is  balanced,  and  circuit  resistance  therefore  introduces 
no  error  in  the  measurement,  although  it  does  decrease  the  instrument 
sensitivity. 

Factors  to  be  considered  in  the  selection  of  the  indicating 
instrument  are  accuracy,  cost,  and  ease  of  operation.  Simple  direct- 
deflection  Instruments  are  commonly  used  in  routine  testing  since  they 
are  inexpensive  and  easy  to  operate.  However,  they  are  accurate  only 
to  about  5*F.  Direct  deflection  instruments  (Refs.  165,  172,  180,  and 
181)  are  also  available  for  high-precision  laboratory  work;  however, 
they  are  expensive  and  lack  the  ruggedness  of  the  industrial  equipment. 
Host  instruments  nay  be  used  for  automatic  recording. 

Hull  reading  potentiometers  (Refs.  148,  165,  172,  180,  and 
182  to  185)  can  be  obtained  in  a  vide  price  range,  depending  upon  their 
accuracy. 


All  high-precision  instruments  of  either  type  require  a  com¬ 
plex  setup  and  delicate  handling  for  the  highest  accuracy. 

4.6  Supplementary  Techniques  for  Measuring  Gas  Temperature 

The  insertion  of  any  instrument  into  a  flowing  gas  will  often 
cause  disturbances  of  the  stream  which  so  alter  the  flow  that  readings 
are  meaningless.  This  situation  occurs  in  very  high  velocity  flows  and 
during  measurement  in  small  passages.  The  problem  is  particularly 
serious  in  the  presence  of  severe  radiation,  since  shielded  probes  are 
usually  quite  large.  Such  difficulty  occurs  in  the  measurement  of  high- 
velocity,  high-temperature  streams.  If  an  instrument  cannot  be  inserted 
into  the  flow,  it  is  difficult  to  measure  temperatures  at  a  point. 


•  •  • 
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Other  Methods  usually  secure  only  average  values,  which 
use  In  flows  possessing  steep  teaperature  gradients. 


ly  be  of  little 


Spectographic  and  absorption  techniques  way  also  be  used  to 
Measure  gas  teaperature.  The  gas  density  May  be  Measured  with  the  in- 
terferoMeter,  streaM  pressure  with  a  streaa- pressure  tap,  and  the 
streaa  teaperature  calculated  froa  the  perfect  gas  law.  A  Modified 
D-line  reversal  technique  of  teaperature  aeasureaent  is  described  in 
Ref.  150.  The  radiation  Intensity  of  a  teaperature-calibrated  continu¬ 
ous  spectruM  ealtter  (tungsten  ribbon  filaaent  laap)  is  coapared  with 
the  teaperature-dependent  radiation  intensity  of  the  sodiua  D-llne 
eaitted  by  the  sodiua  atoas  added  to  the  flow.  When  the  continuous 
source  is  beaaed  through  the  flow,  the  sodiua  D-lines  will  stand  out 
against  the  background  If  the  flow  is  hotter  than  the  source;  but  if 
the  flow  is  cooler  the  D-lines  will  appear  reversed  (dark).  The  back¬ 
ground  teaperature  is  varied  by  the  operator  until  the  radiation  inten¬ 
sities  Match.  Then,  ideally,  the  flow  teaperature  is  equal  to  the 
known  background  teaperature. 


Since  the  velocity  of  sound  in  a  perfect  gas  is  proportional 
to  the  square  root  of  the  absolute  teaperature,  the  latter  aay  be  cal¬ 
culated  froa  a  aeasureaent  of  the  foraer.  This  aethod  is  attractive 
because  calibration  is  not  necessary  and  the  flow  is  not  disturbed. 
However,  it  is  essential  to  deteralne  the  streaa  velocity  accurately 
since  the  relative  acoustic  speed  aust  be  known  in  order  to  calculate 
the  teaperature.  Several  Methods  of  generating  weak  waves  or  pulses 
are  given  in  Ref.  151,  Sections  C  and  D.  The  teaperature  obtained  in 
this  way  is  an  average  over  the  distance  that  the  wave  travels.  Errors 
aay  be  incurred  where  the  presence  of  a  thick  boundary  layer  is  not 
taken  into  account.  Turbulence  in  the  free  streaa  also  makes  these 
techniques  unreliable. 

Another  technique  having  limited  applicability  utilizes  the 
flow  of  a  gas  through  an  orifice.  If  the  aass  flow  through  an  orifice 
is  known,  the  time  required  is  proportional  to  the  square  root  of  the 
teaperature.  With  this  aethod  the  gas  is  passed  through  two  orifices 
consecutively,  and  the  gas  teaperature  at  one  of  the  orifices  aust  be 
known.  The  pressure  drop  across  each  orifice  is  measured  and  the  un¬ 
known  temperature  then  calculated,  since  the  pressure  drop  across  an 
orifice  is  proportional  to  the  absolute  teaperature  (Refs.  43  and  186 
to  190) .  Since  stagnation-pressure  aeasureaent  is  unaffected  by  radiant 
heat  transfer,  this  technique  has  obvious  advantages  when  severe  radia¬ 
tion  is  present.  Corrections  must  be  made  for  conduction  losses  in  the 
nass-flow  measuring  devices. 


4.7  Application  of  Temperature-Measuring  Techniques 


4 


•  I 


The  increasing  use  of  temperature-measuring  techniques  in 
supersonic  wind  tunnels  is  devoted  for  the  aost  part  to  the  study  of 
heat-transfer  characteristics  of  solid  bodies  immersed  in  a  moving  air 
streaa  or  to  the  study  of  the  teaperature  distribution  through  the 

boundary  layer.  Hypersonic  tunnels,  or  at  least  the  small  ones  as  in-  • 

dlcated  in  Ref.  191,  are  designed  primarily  for  the  investigation  of 

heat-transfer  phenomena.  These  investigations  are  concerned  with  the 

study  of  steady-state  heat  transfer,  the  study  of  transient  heat-transfer 

effects,  and  the  development  of  required  instruaentation. 
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4.7.1  Steady-State  Beat  Transfer 

The  study  of  steady-state  heat  transfer  often  requires  a  con¬ 
tinuous  floe  of  coolant  for  the  aodel,  and  employs  a  model  shell  that 
Is  thick  enough  to  allow  an  accurately  measurable  temperature  differ¬ 
ential  between  the  outer  and  inner  surfaces  of  the  shell.  This  differ¬ 
ential  is  generally  measured  with  thermocouples.  Usually  a  one-dimen¬ 
sional  heat  flow  through  the  shell  is  assumed.  However,  when  surface 
temperature  gradients  are  high,  this  assumption  may  lead  to  noticeable 
error.  Insulated  plugs  of  small  diameter  are  therefore  inserted  into 
the  surface  so  that  the  physical  reality  and  one- dimensional  theory 
may  be  approximated  as  closely  as  possible.  The  centerlines  of  these 
plugs,  which  are  of  the  sane  material  as  the  model,  are  normal  to  the 
model  surface,  and  their  ends  are  flush  with  the  outer  and  inner  sur¬ 
faces  of  the  shell.  Thermocouples  are  attached  to  both  ends  of  the 
plugs  or  at  known  distances  from  the  ends.  Since  the  beat  flow  is  con¬ 
stant  after  equilibrium  conditions  are  established,  the  sensing  instru¬ 
ments  can  be  relatively  simple. 

When  pairs  of  thermocouples  are  used  to  measure  the  tempera¬ 
ture  gradient  in  a  thick  shell,  the  differential  millivolt  output  is 
usually  quite  low,  unless  the  two  thermocouples  are  spaced  reasonably 
far  apart  (l.e.,  irtien  the  shell  is  thick).  Since  the  heat  flux  in  a 
solid  is  generally  three  dimensional,  the  ambiguity  in  determining  the 
normal  temperature  gradient  between  two  widely  separated  points  may  be 
as  large  as  5(K  to  lOOj^  of  the  measured  values.  A  device  constructed 
to  avoid  these  difficulties  (Ref.  192)  allows  the  distance  between  tbe 
thermocouple  pair  to  be  greatly  reduced  while  tbe  required  millivolt 
output  for  a  given  heat  flow  is  maintained.  This  heat  transducer  or 
heat  meter  is  really  a  thermopile  on  a  miniature  scale,  with  tbe  meter 
wiring  wound  on  a  glass  core  0.007  by  1/16  by  1/8  in.  Fifty  turns  of 
0.0001-in.  constantan  wire  spaced  0.001  in.  apart  are  wound  on  tbe  core. 
To  plate  one-half  of  the  loop,  tbe  long  edge  of  the  meter  is  immersed 
in  a  silver-plating  solution.  Thus  an  effective  silver-constantan  Junc¬ 
tion  is  formed  on  each  loop  at  tbe  center  of  tbe  two  flat  sides  of  the 
meter.  To  prevent  shifting  or  damage  to  the  wires,  a  thin  coat  of  high- 
temperature  cement,  such  as  Adweld  for  medium  temperatures  (500"?)  or 
Sauerisen  for  high  temperatures  (1000*F),  is  applied.  The  finished 
meter  is  about  0.010  in.  thick.  For  areas  of  high  beat  transfer  such 
as  tbe  stagnation  point,  only  25  turns  are  needed,  so  that  tbe  meter 
measures  only  1/16  by  1/16  by  0.010  in. 

4.7.2  Transient  Heat  Transfer 

A  different  technique  is  required  for  the  study  of  transient 
beating  effects.  Here  the  model  must  have  a  very  thin  skin  to  minimize 
surface  conduction  in  the  presence  of  thermal  gradients.  The  outer  and 
inner  surfaces  of  the  skin  are  at  essentially  tbe  same  temperature. 

Only  one  thermocouple,  however,  is  required  at  each  point  where  a  tem¬ 
perature  measurement  is  desired.  Since  tbe  thin  skin  has  low  thermal 
capacity,  tbe  thermocouples  and  their  sensing  instruments  must  have 
very  fast  response  times.  The  beat-transfer  characteristics  are  deter¬ 
mined  from  the  rate  of  change  of  temperature  with  time.  The  model 
should  be  cooled  initially  and  then  suddenly  exposed  to  the  air  flow. 
Since  an  appreciable  time  is  required  for  even  an  intermittent  tunnel 
to  reach  operating  pressure  and  temperature,  some  method  is  required 
for  shielding  the  model  until  operating  conditions  are  reached. 
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One  method,  used  both  for  coolloK  the  model  and  for  initial 
shielding,  employs  a  dry-ice  (solid  carbtMi-dioaide)  cap  of  sufficient 
thickness  to  shield  the  model  during  the  stabilization  tine  of  the 
tunnel.  The  dry  ice  sublimes  until  it  weakens,  and  the  aerodynamic 
forces  then  break  it  off  and  expose  the  model  to  the  air  flow. 

In  a  typical  test  (Ref.  193)  a  cap  of  dry  ice  was  put  on  the 
model  Just  before  the  wind  was  turned  on,  as  shown  below. 


Two  clips  and  springs  held  the  cap  in  place.  The  cap  was  made  by  beat¬ 
ing  a  solid  steel  replica  of  the  model  to  red  heat  and  pressing  it  into 
the  dry  ice.  The  final  outside  shape  was  cut  on  a  saw.  The  model  used 
was  a  4-1/2- in.  diameter  hemisphere  made  of  a  dielectric,  such  as  glass. 
The  skin  was  0.2  in.  thick  and  was  instrumented  with  thermocouples. 
Forty-gage  copper-constantan  themocouplra  were  run  along  lines  of  con¬ 
stant  temperature  for  about  30  wire  diameters  on  each  side  of  the  ther¬ 
mocouple  Junction  before  being  brought  inside  the  model.  Conduction 
errors  were  thus  minimized.  The  results  were  recorded  on  Bristol  wide- 
strip  recorders  capable  of  traversing  full  scale  in  two-thirds  of  a 
second.  Unfortunately,  holes  frequently  develop  in  the  cap  before  it 
breaks  away,  so  that  only  about  one  run  in  three  is  successful.  The 
squib  shown  is  a  suggested  solution  to  this  problem. 


Another  method  (Ref.  194)  employs  a  retractable  shield,  which 
is  also  designed  to  carry  the  coolant  to  the  model.  The  advantage  of 
this  technique  is  that  lover  model-surface  temperatures  can  be  obtained. 
Low  temperatures  approximating  140‘*F  have  been  attained  by  use  of  liquid 
nitrogen  as  the  coolant.  Some  fast-response  beat-transfer  measurement 
devices  for  use  in  shock  tubes  are  reported  by  Cornell  Aeronautical  Labo¬ 
ratory  (Ref.  195). 


4.7.3  Temperature  Distribution  in  the  Boundary  layer 

The  transition  from  laminar  to  turbulent  boundary  layer  on  a 
model  may  be  found  by  surface  temperature  measurements,  since  turbulent 
heat  transfer  is  greater  than  laminar.  The  traversing  pitot  thermo¬ 
couple  (Ref.  196)  shown  in  Fig.  4-10  is  used  to  measure  tempera  ure 
distribution  in  the  boundary  layer.  For  temperature  measurement  -  in  a 
boundary  layer  on  a  flat  plate,  this  Instrument  requires  sufficient 
mass  air  flow  over  the  thermocouple  to  give  a  high  recovery  fact  r. 

Its  pitot  head,  moreover,  must  be  of  small  diameter  because  the  ooundary 
layer  is  very  thin.  (During  the  tests  discussed  in  Ref.  196  it  was  only 
of  the  order  of  0.2  in.  even  at  the  end  of  the  plate.)  The  temperature 
and  pressure  readings  must  be  taken  at  the  same  time  and  at  the  same 
point  in  the  boundary  layer,  i.e.,  by  means  of  a  single  instrument.  A 
copper-constantan  couple  produces  one  microvolt  for  a  temperature  dif¬ 
ference  of  the  order  of  0.025*C.  Readings  are  therefore  obtainable  to 
within  0.01°C,  but  accuracy  under  test  conditions  is  nearer  +  0.05*C 
due  to  flow  fluctuations.  ~ 


The  thermo- Junction  vires  of  this  pitot  thermocouple  are  of 
0.002-in.  diameter  and  the  pitot  head  is  between  0.005  and  0.010  in. 
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o.d.  The  wires  are  threaded  through  the  supporting  inner  glass  and 
quartz  tubes  to  insulate  thee  froa  the  steel  su|q>orting  tubes.  It 
should  be  pointed  out  that  the  wires  are  tbeaselves  insulated  with  a 
shellac-type  coat  and  covered  with  silk,  but  the  inner  glass  and  quartz 
tubes  help  in  asseably  and  are  an  added  Insulating  aediua.  To  counter 
any  possibility  that  the  wires  will  rub  and  cause  a  short  circuit  in 
the  support  tube,  the  couple  is  threaded  into  the  quartz  pitot  head  and 
the  head  is  then  inserted  into  the  1.5-hb  tube.  Kxtreae  care  must  be 
taken  to  ensure  that  the  couple  rewalns  near  the  tip  of  the  head  and 
that  the  swall  couple  wires  do  not  snap,  which  is  particularly  diffi¬ 
cult  when  0.002- in.  wires  are  used. 


The  seal  is  sAde  by  coating  the  quartz  with  platinuw  (by  a 
liquid  platinuw  process),  copper  plating  this  coat,  and  then  soft  sol¬ 
dering  the  joint.  This  wethod  has  proved  very  successful,  and  if  rea¬ 
sonable  care  is  taken  an  airtight  joint  should  be  obtained.  At  the 
other  end  of  the  support  tube  the  wires  and  the  aanoaeter  lead  are 
fused  into  glass  which  also  contains  a  lead  to  the  wanoseter. 


A  T-piece  is  inserted  between  the  lead  and  the  wanoeeter,  and 
a  connection  wade  to  a  vacuus  punp.  When  this  by-pass  is  open,  air 
flows  over  the  thermocouple  wires  and  through  the  by-pass,  ensuring  a 
consistent  recovery  factor  for  the  thermocouple.  When  this  by-pass  is 
closed,  the  pressure  in  the  traversing  tube  rises  to  give  the  total 
head.  By  this  means  it  is  possible  to  obtain  readings  of  temperature 
I  and  pressure  at  the  same  position  and  almost  at  the  same  time. 


Typical  temperature  recovery  factors  obtained  with  different 
sizes  of  pitot  head  and  by  use  of  the  traversing  gear  shown  in  Fig.  4-11 
are  tabulated  below. 


Pitot  Bead  Tip 

0.075 

0.040 

0.020 

0.0085 

0.005 

(o.d.,  in.) 

Recovery  Factor 

0.995 

0.970 

0.960 

0.920 

0.898 

The  majority  of  the  measurements  were  made  with  tips  of 
0.020  in.  diameter  and  less.  The  tabulated  recovery  factors  were  mea¬ 
sured  in  the  free  stream,  and  it  had  to  be  assumed  that  they  would  re¬ 
main  constant  through  the  boundary  layer.  At  the  time  these  tests  were 
undertaken  the  radiation  effects  were  checked  by  mounting  a  vertical, 
steam-heated  copper  plate  and  a  pitot  thermocouple  in  an  evacuated 
flask.  There  was  no  rise  in  thermocouple  temperature  until  it  was  only 
a  few  thousandths  of  an  inch  from  the  plate.  By  directing  a  small  air 
jet  at  the  pitot  head  this  rise  could  be  delayed  until  the  shield  was 
touching  the  plate. 


Another  method  for  detecting  temperature  differences  utilizes 
the  Evaporograph,  an  instrument  developed  by  Baird  Associates,  Inc. 

This  instrument  employs  a  thin  film  of  oil  whose  evaporation  rate  is 
proportional  to  the  amount  of  Infrared  radiation  to  which  it  is  exposed. 
The  variation  in  oil  film  thickness  induced  by  the  infrared  radiation 
forms  an  image  which  is  readily  translatable  to  temperature  differences. 
To  transmit  the  infrared  radiation  from  its  source  outside  the  wind  tun¬ 
nel,  however,  a  special  material  such  as  silver  chloride,  germanium, 
rock  salt,  or  sapphire  must  be  used.  The  Evaporograph  has  been  used 
with  some  success  at  AEDC  (Ref.  191)  to  detect  boundary- layer  transition. 
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Fig.  4-1.  Difference  between  stagnation  teeperature  and  streae  tea 
perature  vs  velocity  for  air  at  ataospheric  pressure. 
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Fig.  4-4.  Effect  of  radiant  heat  transfer  on  shielded  and 

bare  theraocouples. 
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Fig.  4-9 
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Source:  Ref.  168 


Fig,  4-8.  Variation  of  probe  performance  with  vent-to-entrance- 

area  ratio. 


Source:  Ref.  168 


Fig.  4-9.  Summary  of  calibration  data  for  five  probes 


4-10 


mvOKP  Report  1488  {Vol.  6,  Sec,  20) 


Vires  Sealed 
in  Glass 


Source:  Ref.  266 


0.125-ln.  dia  Glass  Tube 


0.05-ln.  dia  Quartz  Tube 
(To  Insulate  Tberso-Couple 
Vires  from  Steel  Tube) 


0.002-in.  dia  Insulated 
Copper  and  Constantan  Vires 


m 


Copper  Plate  on 
Plat inus  Coat  ~ 


■'? 

1.5-ss  dia 

^Stainless  Steel 
^ /  Tube 

'Air  Tight  Soldered 
Joint 


Vires  Drawn  Through 
Lisb  and  Joined  to 
Facilitate  Assembly 


To  Manometer 
Rubber  Tubing 

0.015-in.  dia  Vires 
1/4-in.  o.d.  Steel  Tube 


Joint  Ring 


l^Double  Vedge  Brass 
Adaptor 


Easi-Flow  Joint 


Pitot 

Ttaermo-Coup] e 
Head 


J 


0  1 

Scale  ( in. ) 


0.050-in.  dia  Quartz  Tube 
Tapering  to  0.0085-in.  dia 


0  0.1 

Scale  (in.) 


0.0085-in. 

Thermo- Junction  dia 


I 


Fig.  4-10.  Typical  traversing  pitot  thermocouple. 
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^  5.  Flow  Vi8u»lig»tioB 


Aaong  the  Methods  coMionly  used  to  deteraine  the  characteris¬ 
tics  of  coapressible  flow  are  those  optical  techniques  known  as  flow 
visualization  (Refs.  1  and  151X  a  tern  noraally  applied  to  conventional 
shadowgraph,  schlieren,  and  interferoaeter  techniques.  These  techniques 
are  extreaely  valuable  because  they  provide  inforaatlon  about  the  flow 
without  disturbing  it.  Their  high  sensitivity  provides  qualitative  as 
well  as  quantitative  checks  on  the  nany  current  flow  theories  as  well 
as  their  underlying  assuaptions.  The  flow  visualization  Material  ap¬ 
pearing  in  this  subsection  has  been  expanded  to  include  electrical  dis¬ 
charge,  afterglow,  vapor  screen,  and  the  various  aeans  of  deteraining 
the  boundary- layer  state. 


Basic  to  Most  optical  Methods  of  analyzing  fluid  flow  is  the 
fact  that  variations  of  density  iaply  variations  in  the  index  of  refrac¬ 
tion.  These  variations  affect  the  direction  of  light  rays  traversing 
the  fluid.  The  application  of  this  principle  is  illustrated  in  the 
sketch  below,  in  which  a  ray  of  light  passes  through  the  undisturbed 
streaa  in  the  working  section  (enpty  tunnel)  and  strikes  the  screen  at  P 


Light 

Ray 


Tine  of  Arrival 


t  +  At 


Time  of  Arrival  =  t 


Screen 


When  a  fluid  is  flowing  through  a  test  section  in  which  a 
model  is  also  present,  the  resultant  density  gradient  perpendicular  to 
the  light  ray  causes  a  change  in  the  optical  path.  As  shown  in  the 
sketch,  the  ray  is  deflected  at  angle  A0  (characterized  by  three  direc¬ 
tion-cosines)  and  strikes  the  screen  at  a  distance  dQ  from  P^,  which 


1» 


1* 


requires  additional  time.  At,  to  traverse  the  new  path.  Observations 
may  be  made  of  AQ,  and  A0,  but  At  is  determined  indirectly  from  the 
change  in  path  length.  The  eff<H:ts  of  AQ,  A0,  and  At  are  often  insepar¬ 
ably  combined. 


•  i 


4 


•  • 


i 


In  practice  AQ  is  observed  with  a  direct-shadow  arrangement, 

A0  with  the  schlieren,  and  the  increased  path  length  with  the  interferon-  ^  ^ 

eter.  It  may  be  shown  with  reasonable  accuracy  that  At  (given  by  the 
interferometer)  is  a  function  of  density,  A6  (by  schlieren)  is  a  function 
of  the  density  gradient  noraal  to  the  light  path  (actually  1/p  dp/^x) , 
and  AQ  (by  direct  shadowgraph)  is  a  function  of  the  rate  of  change  of 
the  density  gradient  (see  Ref.  197).  These  aethods  are  therefore  com¬ 
plementary  rather  than  alternative.  Moreover,  since  the  indication 

given  by  each  method  depends  on  a  different  derivative  of  the  refractive  ^  | 

index,  the  required  quality  of  the  optical  components  differs  for  each. 

For  example,  wind-tunnel  windows  which  are  satisfactory  for  qualitative 
schlieren  work  may  not  be  suitable  for  interferometry.  For  quantitative 
analyses  the  windows  should  always  b*-  optically  perfect  and  free  of 
striae. 
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Since  the  shadowgraph  indicates  the  second  derivative  of  the 
density,  it  is  particularly  useful  for  showing  rapid  changes  in  density, 
i.e.,  shock  waves,  discontinuities,  and  turbulence.  The  schlieren  sys¬ 
tem,  which  indicates  density  gradients,  is  at  least  an  order  of  magni¬ 
tude  more  sensitive  than  the  shadowgraph;  it  is  suitable  for  smaller 
changes  in  density  and  near  sonic  shocks  and  weak  rarefaction  fans, 
which  are  hard  to  locate  on  an  Interf erogram.  The  interferogram,  how¬ 
ever,  since  it  indicates  density  changes,  gives  an  interpretahle  picture 
from  which  a  density  distribution  may  be  evaluated. 

The  characteristics  and  advantages  of  the  three  viewing  sys¬ 
tems  are  demonstrated  by  the  three  studies  of  jet  mixing  shown  in 
Fig.  5-1.  This  figure  also  reveals  the  advantages  derived  from  the 
use  of  all  three  systems  on  a  single  problem,  since  each  accentuates 
particular  features  of  the  flow.  The  shadowgraph  and  interferogram 
show  CO2  mixing  with  air,  and  the  schlieren  shows  mixing  of  two  other 

fluids  (Ref.  1).  Figure  5-2  is  a  typical  schlieren  of  a  hemispherical¬ 
nosed  cylinder  at  Uach  1.25  taken  with  the  setup  shown  in  Fig.  5-3. 

The  Mach  lines  (weak  shock  waves)  caused  by  tunnel  flow  irregularities 
appear  quite  strong  when  compared  with  some  of  the  shock  disturbances 
from  the  model.  These  disturbances  are  caused  by  tO.Ol  variations  in 
Mach  number  and  are  magnified  because  they  extend  across  the  19.0-in. 
tunnel  width.  The  faintly  visible  elliptical  patterns  are  caused  by 
pouring  rings  in  the  three-inch  thick  borosilicate  windows  and  are  not 
indicative  of  flow  phenomena. 

Since  optical  methods  are  primarily  applicable  to  compressible 
flow  only,  they  are  often  considered  as  limited  to  the  supersonic  regime. 
It  should  be  noted,  however,  that  all  real  flows  are  more  or  less  com¬ 
pressible.  Both  quantitative  and  qualitative  results  have  been  obtained 
with  the  interferometer  and  with  schlieren  apparatus,  respectively,  at 
airspeeds  below  200  fps. 

The  principal  objection  to  these  optical  methods  is  that  all 
density  changes  in  the  light  paths  are  Integrated  across  the  depth  of 
the  field  and  therefore  should  be  restricted  theoretically  to  two-dimen¬ 
sional  flows.  In  practice,  however,  they  give  very  satisfactory  quali¬ 
tative  results  for  axi "Symmetrical  flow  and  in  many  cases  may  even  be 
reduced  quantitatively.  Serious  errors  also  may  arise  from  phenomena 
occurring  at  flow  boundaries,  duch  ns  the  ends  of  a  wing,  where  strict 
two-dimensionality  is  destroyed,  ^me  integrated  density  gradients  will 
also  be  seriously  in  error  where  the  boundary  layer  on  the  test  section 
windo'"S  is  an  appreciable  fraction  of  the  test-section  depth.  The  ef¬ 
fects  of  vibration  and  temperature  fluctuations  create  additional 
difficulties. 


Optical  methods  of  flow  visualization  are  treated  fully  in 
Refs.  1,  151,  and  198.  These  references  themselves  contain  excellent 
bibliographies,  and  the  one  from  Ref.  1  is  presented  in  Appendix  A. 


Shadowgraph 


The  elementary  essentials  of  the  shadowgraph  technique  are  a 
point  source  of  light,  S,  and  a  surface,  P,  upon  which  the  image  of  the 
object,  O,  may  be  cast.  These  characteristics  are  illustrated  in  the 
next  sketch. 
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If  the  density  gradient  is  constant  in  O,  then  all  the  rays  will  be  re¬ 
fracted  by  the  sane  anount  and  the  intensity  of  illuslnation  on  P  will 
not  vary.  Where  the  density  gradient  is  increasing,  i.e.,  where  the 
second  derivative  of  the  density  is  positive,  the  rays  are  bent  further 
away  from  the  norsal  and  produce  an  increased  intensity  of  light  in  the 
new  position.  The  place  from  which  they  have  soved  will  appear  darker. 
Thus  a  shock  wave  will  be  indicated  by  adjacent  dark  and  light  bands. 
Despite  its  sinple  apparatus,  the  shadowgraph  gives  excellent  results 
for  such  phenonena  as  shock  waves  and  wake  flows.  On  the  other  hand, 
it  gives  a  distorted  picture  of  extended  objects,  since  the  nagnlfica- 
tlon  varies  with  position  in  the  field.  To  overcone  this  variable  nag- 
nlflcatlon  the  light  from  a  point  source,  S,  nay  be  converted  as  shown 
below  to  a  parallel  bean  by  neans  of  a  collinating  lens,  L. 


Fron  the  point  of  view  of  quantitative  analysis  the  shadowgraph  also 
suffers  from  the  lack  of  1-to-l  correspondence  between  the  object  and 
the  image.  The  closer  the  plate  is  to  the  field  the  more  nearly  this 
correspondence  is  approached.  Usually  photographs  are  made  with  the 
plate  at  two  carefully  measured  distances  from  the  window,  and  the 
width  and  intensity  of  specific  bands  are  compared. 

In  the  typical  arrangement  the  lens  is  5  to  10  ft  from  the 
test  section,  with  the  screen  or  photographic  plate  1  to  2  ft  from  the 
opposite  side.  The  sensitivity  of  the  system  is  proportional  to  the 
distance  between  the  test  section  and  the  plate.  The  distances  ob¬ 
viously  are  very  critical,  especially  for  turbulence  studies.  If  the 
distance  is  too  great  the  image  lacks  definition. 

A  more  useful  system,  consisting  of  two  lens,  Lj  and  Lg,  two 
front  face  mirrors,  and  M2,  and  two  concave  mirrors,  Cj  and  Cg,  is 
shown  in  the  sketch  below. 
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In  this  system  the  object  and  the  screen  are  conjugate  planes,  and 
1-to-l  correspondence  Is  achieved,  leaving  no  ambiguity  In  the  image. 
If  the  mirrors  are  off-axis  parabolas  the  problems  of  astigmatism, 
coma,  and  spherical  aberration  are  also  solved. 

To  obtain  the  shadow  effects,  the  system  is  first  adjusted 
so  that  the  object  and  the  image  on  the  plate  are  in  conjugate  planes 
and  then  the  plate  is  moved  slightly  to  throw  it  out  of  focus.  All 
optical  surfaces  should  be  of  the  finest  quality  and  adjusted  so  that 
the  beam  is  perpendicular  to  the  windows,  and  the  light  source  and  the 
image  form  equal  angles  with  the  parallel  beam. 


Since  the  intensity  of  light  on  the  screen  or  plate  is  pro¬ 
portional  to  the  second  derivative  of  the  density,  a  double  integration 
is  needed  to  obtain  a  density  distribution.  This  involves  a  consider¬ 
able  amount  of  measurement  and  computation.  The  shadowgraph  is  used, 
consequently,  for  qualitative  rather  than  quantitative  analyses. 


A  novel  technique  for  making  shadowgraphs  of  shock  waves  is 
described  in  Ref.  202.  An  opaque  non-specular  reflecting  surface  is 
used  behind  the  shocks  and  the  shadow  image  photographed.  The  high 
directional  reflectivity  of  a  Scotchlite  screen  reduces  the  adverse 
effects  of  ambient  light  and  enables  a  satisfactory  picture  to  be  ob¬ 
tained  with  a  minimum  of  artificial  light.  (Scotchlite  is  the  regis¬ 
tered  trade  mark  of  a  reflective  sheeting,  made  by  Minnesota  Mining 
and  Manufacturing  Co.,  that  is  composed  of  many  spherical  resin  micro¬ 
lenses  embedded  in  the  surface.)  This  technique  is  illustrated  below. 

Test 


Scotchlite 

Screen 


5.1.1  Light  Source  for  Shadowgraph  System 


Three  basic  characteristics  are  associated  with  the  shadow¬ 
graph  system's  light  source.  The  first  of  these  is  brilliance,  which 
is  of  greater  concern  than  the  total  light  output.  For  continuous  ob¬ 
servation  a  Western  Electric  concentrated-arc  lamp  is  ideally  suited. 

The  second  requirement  is  a  high-speed  light  flash.  Since  one  of  the 
advantages  of  the  shadowgraph  system  is  that  it  gives  a  clear  indication 
of  turbulent  effects,  the  capability  for  instantaneously  "stopping"  and 
photographing  the  rapidly  fluctuating  flow  is  highly  desirable.  This 
capability  requires  either  a  light  source  of  short  duration  or  a  fast- 
action  light  shutter.  For  this  second  requirement  a  rotating  mirror  is 
sometimes  placed  at  M2.  A  good  highly  polished  steel  mirror  can  be 

rotated  with  sufficient  speed  to  give  light  flashes  of  the  order  of 

10-10  sec.  The  third  requirement  of  the  shadowgraph  system  is  that  it 
should  give  clear,  well-defined  images .  The  diameter  of  the  circle  of 
confusion,  d^,  of  each  point  imaged  on  the  screen  is  given  by 

dg  (distance  from  object  to  screen) 

*^c  focal  length  of  lens  1^ 
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5.2 


where 


=  dlaweter  of  the  light  source 


Prow  this  It  way  be  seen  that  should  be  as  swall  as  possible.  A 

value  of  d  =  0.01  in.  is  desirable. 

c 

A  simple  spark  Is  entirely  adequate  for  a  shadowgraph.  Though 
its  total  light  output  is  small,  its  intrinsic  brilliance  is  extremely 
high.  Such  a  spark,  powered  by  a  0.024-pf  capacitor  and  firing  in  the 
neighborhood  of  15,000  v,  provides  a  2-psec  exposure  that  is  adequate 
for  a  plate  or  film  4  or  5  ft  away  from  it. 

The  shadowgraph  light  source  used  in  the  system  shown  in 
Fig.  5-3  consists  of  a  GE  Pyranol  condenser  powering  a  conventional 
Libessart  high-pressure  gap  (0.125  in.)  and  rated  at  0.12  pf  at  15,000  v. 
The  light  source  produces  a  peak  light  intensity  within  0.25  psec,  with 
a  gradual  decay  to  zero  at  3  psec  at  10,000  v.  The  sharpest  definition 
of  axl-symmetric  boundary- layer  transition  was  obtained  using  the  shad¬ 
owgraph  technique, with  the  light  source  located  between  25  and  50  in. 
from  the  test  section  window  and  the  film  placed  against  the  opposite 
window.  A  better  definition  of  the  boundary-layer  flow  resulted  from 
further  development  of  this  light  source, which  employed  a  Sprague 
Vltamln-Q  condenser  rated  at  0.3  pf  and  15,000  v.  However,  no  adequate 
measure  of  the  light  duration  with  the  Sprague  condenser  was  obtained. 
Kodak  Llnagraph  Ortho  film  developed  in  Kodak  D-19  solution  for  3.5  min 
and  Kodak  Contrast  Process  Ortho  film  developed  in  1-to-l  and  3-to-l 
solutions  of  D-19  for  5  and  6.5  min  have  been  used  successfully. 

If  the  energy  in  watt-seconds  supplied  to  the  source  is  known, 
the  following  equation  (Ref.  1)  may  be  used  to  determine  the  allowable 
distance,  r,  in  feet  between  the  source  and  the  film. 


_2  _  (watt-sec)  (W.B. 

— 


(5-2) 


where 


=  Weston  rating  of  the  film 


This  relation  is  highly  approximate  and  valid  only  for  an  order  of  mag¬ 
nitude.  Actually  there  is  great  flexibility  in  the  setting  of  the 
source.  Probably  the  best  method  of  determining  an  adequate  setting  is 
simply  to  expose  some  film  until  the  results  are  satisfactory. 

5.2  Schlleren  Systems 


In  schlleren  systems  the  ambiguity  of  the  shadow  (shown  by 
the  shadowgraph)  is  eliminated  by  the  Insertion  of  a  lens  into  the  light 
beam,  which  produces  an  image  which  may  have  1-to-l  correspondence  with 
the  disturbance.  The  light  intensity  on  the  screen  is  then  a  function 
of  the  deflection  of  the  rays,  which  in  turn  is  a  function  of  the  den¬ 
sity  gradient  normal  to  the  beam.  Although  the  schlleren  system  has 
been  widely  used  in  wind-tunnel  work  to  give  a  qualitative  analysis  of 


•  • 
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the  fora  and  position  of  shock  waves,  expansions,  and  flow  separations, 
it  does  not  lend  itself  readily  to  the  quantitative  detersination  of 
density  since  it  requires  an  integration  of  the  observed  gradients. 

With  a  schlieren  picture,  however,  the  quantitative  detersination  of 
density  is  simpler  than  is  that  of  the  shadowgraph  which  requires  a 
double  integration.  Satisfactory  visualizations  of  strong  shocks  or 
steep  density  gradients  say  be  achieved  with  comparatively  simple  sys¬ 
tems  having  optical  components  which  are  not  of  excessively  high  quality. 
However,  weak  shock  patterns  and  quantitative  evaluations  require  high 
quality  components  and  fine  adjustments.  Both  two-dimensional  and  axi¬ 
ally  symmetric  flows  may  be  projected  with  reasonable  accuracy. 


The  above  sketch  shows  a  schlieren  system  of  the  simplest  type,  con¬ 
sisting  of  a  small  rectangular  source  of  light,  a  lens,  a  knife  edge, 
and  a  focussing  lens  to  image  the  schlieren  on  a  viewing  screen.  Light 
from  the  source  is  converged  to  an  image  by  the  lens.  If  a  knife  edge 
is  placed  at  the  image  so  that  it  just  covers  the  slit  of  light,  the 
viewing  screen  remains  dark.  If  a  striation  located  anywhere  between 
the  knife  edge  and  the  point  source  deflects  a  ray  of  light  passing 
through  it  in  such  a  way  that  it  will  pass  over  the  knife  edge,  it  will 
continue  to  the  viewing  screen.  In  this  manner  a  pattern  of  bright 
areas  corresponding  in  shape  to  the  pattern  of  the  striations  is  pro¬ 
duced  on  the  viewing  screen. 


To  bring  out  the  regions  where  the  rays  are  deflected  both 
upward  and  downward,  the  knife  edge  is  customarily  adjusted  to  cut  off 
the  major  part  of  the  source  image  rather  than  all  of  it.  To  view  the 
regions  which  deflect  rays  to  the  right  or  left,  the  knife  edge  and  the 
source  slit  are  rotated  through  90  deg.  The  amount  of  light  coming 
over  the  knife  edge  is  a  function  of  a  deflection  angle  which  is  mea¬ 
sured  perpendicular  to  the  knife  edge.  If  the  light  source  is  a  rec¬ 
tangle  with  its  long  dimension  parallel  to  the  knife  edge,  the  bright¬ 
ness  of  the  image  on  the  viewing  screen  will  be  directly  proportional 
to  the  deflection  angle.  In  cases  where  the  density  gradients  are  of 
equal  Interest  in  all  directions,  a  circular  source  may  be  used  with 
either  a  circular  hole  in  place  of  the  knife  edge  or  an  opaque  circular 
stop  which  cuts  off  the  circular  image  of  the  source.  Since  the  image 
is  the  result  of  the  super-position  of  all  the  images  produced  by  light 
from  each  point  in  the  field  of  striations,  a  quantitative  determination 
of  the  density  gradient  is  very  complex. 


In  the  adjusted  schlieren  system  the  plane  of  the  striae  and 
the  photographic  plate  or  screen  are  conjugate  planes.  For  a  finite 
depth  of  field  it  follows  that  only  one  plane  can  be  sharply  in  focus. 
This  blurring  of  the  image  may  be  diminished  by  using  a  mirror  of  longer 
focal  length  and  adjusting  the  knife  edge  so  that  less  light  passes 
over  it. 
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5.2.1  Variations  of  the  Simple  Schlieren  Systea 

As  with  the  shadowgraph,  aany  modified  schlieren  systems  have 
been  devised.  Some  have  special  optical  properties,  such  as  a  depth  of 
field  effect;  some  are  designed  to  make  optimum  use  of  a  particular 
optical  element,  such  as  a  parabolic  mirror;  and  some  are  planned  to 
reduce  costs.  The  simple  schlieren  system  has  been  modified  not  only 
for  tbe  purpose  of  accentuating  the  shadowgraph  effect,  but  also  to 
suppress  it . 


Tbe  simple  system  described  in  Subsec.  5.2  has  several  inher¬ 
ent  limitations:  Its  viewing  field  is  limited  by  the  lens  diameter, 
and  its  sensitivity  is  Inversely  proportional  to  the  focal  length  of 
the  lens.  To  minimize  these  disadvantages  or  otherwise  enhance  the 
system's  capabilities,  it  is  necessary  to  use  concave  mirrors  or  lenses 
of  larger  diameter.  Large  lenses  of  long  focal  length,  however,  are 
very  expensive  and  also  subject  to  both  chromatic  and  spherical  aberra¬ 
tion  if  they  are  not  of  high  quality.  Concave  mirrors  of  large  diameter 
and  long  focal  length  are  much  easier  to  grind  and  correct  than  are 
lenses,  and  consequently  are  more  economical.  The  internal  quality  of 
the  glass  from  which  the  mirror  is  made  is  not  usually  of  critical  im¬ 
portance  unless  a  highly  accurate  surface  contour  is  required.  More¬ 
over,  a  mirror  has  only  one  surface  to  be  ground.  A  mirror  has  no  in¬ 
herent  chromatic  aberration  and,  if  properly  designed,  no  spherical 
aberration.  The  thickness  of  a  mirror  should  be  at  least  one-fifth  of 
its  diameter,  and  the  glass  should  be  annealed  with  great  care.  The 
surface  of  the  mirror  is  usually  sputtered  with  metallic  aluminum,  which 
is  generally  considered  preferable  to  silver  since  its  oxide  is  trans¬ 
parent  and  the  surface  more  durable. 


5. 2. 1.1  Single-Mirror  Schlieren  System 


The  single-mirror  system  shown  below  is  similar  in  operation 
to  the  single-lens  system  except  that  each  ray  of  light  passes  twice 
through  the  field  of  striatlons,  thus  increasing  the  sensitivity. 


Theoretically,  this  system  should  be  twice  as  sensitive  as  a  single  co¬ 
incidence  system  of  similar  dimensions.  It  should  be  noted,  however, 
that  light  does  not  pass  through  exactly  the  same  point  in  the  field 
going  to  and  coming  from  the  mirror.  Because  of  this,  powerful  strla- 
tions  of  narrow  dimensions  (such  as  shock  waves)  may  appear  as  double 
lines.  Multiple  coincidence  systems  other  than  the  single  mirror  are 
seldom  used,  though  many  have  been  devised. 


For  tbe  single-mirror  system,  a  spherical  mirror  is  used  with 
the  source  and  the  knife  edge  close  together  and  at  tbe  center  of  cur¬ 
vature  of  tbe  mirror.  Since  the  source  and  knife  edge  cannot  occupy 
exactly  the  same  point,  each  must  be  displaced  slightly  from  the  optical 
axis.  This  displacement  results  in  a  slight  astigmatism,  which  tends 
to  spread  the  image  of  a  point  into  a  line  in  tbe  direction  of  displace¬ 
ment.  If  the  displacement  and  the  consequent  spreading  are  along  the 
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knife  edge,  this  effect  is  not  serious.  But  if  the  displncesent  is 
scroes  the  knife  edge,  the  source  isnge  becoecn  fussy  in  the  direction 
in  which  the  deflection  angles  are  to  be  eeasured,  and  the  field  ap¬ 
pears  to  be  unevenly  illueinated. 


■w' 


5. 2. 1.2  Double-Mirror  Schlieren  Systes 


In  the  nodified  schlieren  system  sheen  in  Fig.  5-3,  the  two 
field  lenses  have  been  replaced  by  the  two  front-surfaced  nirrors. 
Ideally,  these  mirrors  should  be  off-asis  paraboloids  to  compensate 
for  the  fact  that  both  the  light  source  and  the  knife  edge  must  be 
placed  slightly  off  the  optical  axis  of  the  system.  However,  such 
mirrors  are  expensive.  In  practice  an  axially  figured  parabolic  mirror 
may  be  used  provided  that  the  f-ratio  (focal  length/aperture)  exceeds 
ten.  Spherical  nirrors  are  easier  to  fabricate  and  are  satisfactory 
for  many  of  the  uses  of  the  ordinary  schlieren  system. 


To  minimize  the  aberrations  which  result  with  an  axially 
figured  mirror,  the  source  and  knife  edge  should  be  located  as  close 
as  possible  to  the  parallel  light  pa.th  between  the  two  nirrors  and  on 
opposite  sides  of  the  axis  of  the  two  nirrors.  Minimizing  the  angle 
through  which  the  light  rays  must  be  turned  minimizes  the  effects  of 
astigmatism,  and  placement  of  the  source  and  knife  edge  on  opposite 
sides  minimizes  the  effects  of  coma.  The  angle  between  the  source  and 
the  optical  axis  should  be  equal  to  that  between  the  knife  edge  and 
the  optical  axis.  It  is  also  desirable  to  arrange  the  apparatus  so 
that  astigmatism  distorts  the  image  only  in  a  direction  parallel  to  the 
knife  edge.  This  nay  be  achieved  by  placing  the  knife  edge  in  the  sane 
plane  as  the  source  and  the  optical  axis  between  the  nirrors.  The  dis¬ 
tance  between  the  mirrors  should  generally  be  minimized,  since  all  dis¬ 
turbances  between  then  may  appear  on  the  screen,  whether  they  are  in 
the  tunnel  or  not.  The  nirrors  are  usually  two  focal  lengths  apart, 
but  this  distance  may  vary  with  the  depth  of  the  field  being  investigated. 


•  • 


The  source  must  be  located  accurately  at  the  focus  of  the 
first  mirror.  This  may  be  achieved  either  by  reflecting  an  image  of 
the  source  back  on  to  a  screen  held  close  to  the  source  (by  placing  a 

plane  mirror  between  the  concave  mirrors)  or  by  measuring  the  diameter  • 

of  the  beam  at  different  positions  along  its  length  between  the  two  con¬ 
cave  mirrors.  Similarly  the. knife  edge  must  be  located  accurately  at 
the  focus  of  the  second  mirror  by  adjusting  its  position  until  the 
screen  darkens  uniformly  as  the  knife  edge  is  moved  across  the  image 
of  the  source. 

Finally  the  camera  must  be  focused  on  the  median  plane  of  the  ^ 

tunnel.  This  may  be  done  by  focusing  on  a  grid  of  fine  wires  held  for 
the  purpose  in  the  middle  of  the  working  section.  The  knife  edge  should 
then  be  adjusted  while  the  tunnel  is  running,  because  a  lens-like  effect 
of  the  air  flowing  through  the  test  section  usually  causes  a  bodily 
shift  of  the  source's  image  position. 

The  most  popular  type  of  schlieren  system  in  use  at  the  present  ^ 

time  employs  two  ordinary  parabolic  mirrors,  with  parallel  light  passing 
through  the  field  between  them.  This  system,  shown  in  Fig.  5-4,  is 
quite  versatile. 
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5. 2. 1.3  Multiple-Source  Schlieren  Syste* 

A  aodifled  schlieren  systen  having  unique  properties  is  the 
■ultiple-source  systen  shorn  belo*. 


The  light  source  consists  of  a  grid  of  pinholes  or  lines,  which  when 
illuninated  fro*  behind  bee ones  a  unlfor*  field  of  discrete  sources 
of  light.  In  the  plane  where  the  lens  foms  an  inage  of  this  grid,  a 
negative  grid  is  placed  so  that  the  inage  of  each  source  falls  upon  an 
opaque  spot  surrounded  by  a  transparent  area.  Under  these  conditions 
no  light  passes  to  the  viewing  screen.  When  a  striatlon  appears  in 
the  plane  that  is  in  focus  with  the  viewing  screen,  light  is  deflected 
so  as  to  pass  on  to  the  screen  and  forn  an  inage  of  the  striatlon.  It 
can  be  seen  (above)  that  the  field  size  is  not  United  by  the  size  but 
by  the  design  of  the  lens  and  the  size  of  the  easily  constructed  grid. 
The  lens  nay  be  a  snail,  highly  corrected  canera  lens  giving  an  aberra¬ 
tion-free  rendition  of  the  source-lnage  on  the  negative  grid. 


Another  property  peculiar  to  this  system  is  the  depth-of- 
fleld  effect.  This  phenonenon  nay  be  best  understood  if  the  grid  is 
considered  to  act  as  a  diffused  light  source  in  all  areas  except  its 
owr*  ’wnediate  neighborhood  and  that  of  the  negative  grid.  It  can  be 
s«  elow  that  point  A  is  in  focus  with  the  viewing  screen,  while  B 
cc  Co  focus  sonewfaere  behind  the  viewing  screen. 


Any  light  deflected  by  A  will  be  concentrated  at  A'  on  the  viewing 
screen,  but  light  deflected  by  B  will  be  spread  over  an  area,  with  a 
consequent  loss  of  Intensity.  The  depth-of-f ield  effect  cannot  be  ob¬ 
tained  in  other  schlieren  systems,  and  any  striatlon  between  the  source 
and  knife  edge,  including  those  in  the  lenses  and  nirrors,  appears 
sharply  on  the  viewing  screen.  (This  statement  is  not  absolutely  true 
because  a  systen  using  a  line  source  has  some  definite  focusing  prop¬ 
erties,  but  these  are  never  as  pronounced  as  those  of  the  multiple- 
source  schlieren.) 

Another  advantage  of  the  multiple-source  schlieren  is  that 
the  li^t  source  does  not  have  to  approach  a  point  in  size.  Hence,  the 
choice  of  the  type  of  light  source  is  not  as  limited.  In  fact,  several 
lamps  can  be  placed  behind  the  screen  if  necessary.  This  is  a  very  im¬ 
portant  advantage  in  sane  applications. 
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The  focusing  effect  of  the  ■ultlple-source  schlieren  is  dc 
onstrated  by  the  teo  photographs  (hef.  199)  presented  in  Fig.  5-5. 

Both  photographs  shoe  an  air  Jet  exhausting  into  still  air  fros  a 
1/4-in.  o.d.  tube.  Where  the  Jet  Is  in  focus,  the  Jet  nodes  are  clearly 
visible;  where  the  Jet  is  1  in.  out  of  focus,  it  is  barely  visible. 
Multiple-source  schlieren  systens  are  planned  for  several  large  nodern 
supersonic  wind  tunnels  (Ref.  200). 


Internediate  between  the  two-f ield-eleuent  system  and  the 
multiple-source  system  is  an  apparatus  that  employs  two  field  elements, 
but  with  grids  for  the  source  and  the  knife  edge.  This  system  is  con¬ 
sidered  intermediate  because  its  field  is  limited  to  the  size  of  the 
field  elements,  essentially  parallel  light  passes  through  the  subject, 
and  pronounced  focusing  properties  are  apparent.  The  chief  justifica¬ 
tion  for  this  system,  which  seems  to  sacrifice  the  principal  advantage 
of  the  large  field  multiple-source  system,  is  that  a  large  light  source 
of  relatively  low  intrinsic  brilliance  can  be  used  without  a  loss  in 
photographic  speed. 


5. 2. 1.4  Grating-Screen  Method 


A  system  which  can  sometimes  be  used  to  obtain  an  absolute 
measurement  of  deflection  angles  is  the  Gitterblende  or  grating-screen 
method  (Ref.  201).  In  this  system  the  knife  edge  is  replaced  by  a 
grating  of  slits.  If  this  grating  is  set  so  that  the  light  from  the 
field  at  rest  falls  on  an  opaque  bar,  a  small  deflection  will  cause 
light  to  pass  over  the  bar  and  a  greater  deflection  will  move  the  image 
from  behind  *  hat  bar.  Since  the  grating  parameter  is  known  accurately, 
the  number  uf  dark  lines  between  two  points  on  the  pattern  indicates 
the  difference,  in  terms  of  number  of  grating  units,  in  deflection  be¬ 
tween  the  two  points.  This  effect  is  Inherent  in  the  multiple-source 
schlieren  system  when  the  grating  parameter  is  small. 


Since  there  is  nothing  to  Indicate  the  direction  of  the  de¬ 
flection,  the  problem  of  distinguishing  between  two  patterns  is  similar 
to  that  in  the  use  of  the  Interferometer.  The  use  of  an  ordinary 
schlieren  photograph  as  a  guide  removes  this  difficulty.  The  grating- 
screen  method,  though  not  popular,  is  by  far  the  most  elegant  quantita¬ 
tive  schlieren  method. 


5.2.2  Components  of  the  Schlieren  System 


The  discussions  preceding  this  subsection  treated  the  problems 
of  schlieren  photography  in  a  general  manner.  In  the  material  that 
follows  attention  will  be  centered  on  the  separate  components  of  the 
schlieren  apparatus,  especially  those  required  for  the  parallel-light 
schlieren  system  shown  in  Fig.  5-3. 


5. 2. 2.1  Light  Source 


Mercury  vapor  lamps  such  as  the  Bol  lamp  are  frequently  used 
for  schlieren  photography  because  they  provide  a  high-intensity  light 
source  which  can  be  made  monochromatic  by  the  use  of  a  suitable  filter. 
A  Bol  lamp  operates  at  high  voltages  and  must  be  cooled  by  a  forced 
draft  or  a  water  jacket.  The  General  Electric  BiI-6,  an  air-cooled  Bol 
lamp,  gives  monochromatic  light  of  approximately  0.5461  micron  wave 
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length  when  used  with  a  Vratten  77A  filter.  This  lanp  can  be  used  con¬ 
tinuously  or  for  single  flashes,  but  nust  always  be  nounted  in  a  hori¬ 
zontal  position. 

Because  they  are  responsive  to  the  fluctuations  of  alternat¬ 
ing  current,  arc  lights  are  not  suitable  for  use  with  notion  pictures. 
The  BH-6  lanp,  however,  can  be  powered  by  direct  current.  Recomnended 
circuits  for  this  lanp,  including  a  circuit  for  single-flash  operation, 
can  be  obtained  fron  the  General  Electric  Conpany.  When  the  BH-6  is 
used  for  single  flashes,  a  4-watt-sec  rating  should  never  be  exceeded 
because  the  tube  will  explode  at  8  watt-sec.  Special  precautions  nust 
also  be  exercised  for  the  eyes.  One  nust  never  look  directly  into  a 
schlleren  systen  which  enploys  a  continuously  operating  high-pressure 
mercury  arc  because  its  powerful  ultraviolet  light  can  injure  the  eye. 


Although  the  tungsten  rlbbon-f i lament  lamp  is  a  satisfactory 
source  for  many  purposes,  it  is  not  suitable  for  monochronat ic  work. 

Its  intrinsic  brilliance  is  only  approximately  one-hundredth  that  of 
the  Bol  lamp. 

The  Western  Electric  concentrated-arc  lamp  is  about  2.5  times 
as  bright  as  a  tungsten  filament,  and  the  smallest  model  serves  as  a 
source  0.085  mm  in  diameter.  This  kind  of  source  is  well  suited  to  the 
"grating-screen"  type  of  measurement.  Neither  the  concentrated  arc  nor 
the  tungsten  lamp  is  suited  for  high-speed  flash  photography. 


In  addition  to  the  light  sources  mentioned  there  are  many 
others  suitable  for  this  kind  of  system  (Ref.  151).  Among  these  are 
xenon  flash  tubes  and  various  types  of  spark  gaps.  With  continuous 
sources  which  cannot  be  flashed,  electro-optic  shutters  such  as  the 
Kerr  cell  may  be  used. 

5. 2. 2. 2  Condenser  Lens 


Because  the  source  is  neither  uniform  in  illumination  nor 
sharply  bounded,  a  condenser  lens  is  needed  in  conjunction  with  the 
source.  The  condenser  lens  projects  an  image  of  the  source  upon  a  mask 
or  slit  which  is  of  such  size  and  shape  that  only  the  light  from  the 
uniform  portions  passes  through.  The  functional  "source"  for  the 
schlieren  system  is  the  condenser  slit. 


The  dimensions  of  the  source  slit  have  been  the  subject  of 
considerable  study.  A  width  of  approximately  one  millimeter  is  satis¬ 
factory  except  for  the  measurement  of  large  deflections,  but  the  length 
of  the  source  is  harder  to  define.  If  the  source  is  of  finite  length, 
it  can  be  shown  that  the  field  will  not  be  evenly  illuminated  and  that 
only  a  certain  part  of  it,  even  if  the  source  were  infinitely  long, 
would  be  effective  in  the  center  of  the  field  and  even  less  at  the 
edges.  The  effective  length,  £,  of  the  infinite  source  in  the  focal 
plane  of  the  first  field  lens  which  will  just  illuminate  the  second 
field  lens  is  given  by 


m 
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where 

a  =  separation  ol  the  two  field  lenses 

=  focal  length  of  the  field  lens  nearest  the  source 
d^  =  diameter  of  the  first  field  lens  (or  mirror) 

For  uniformity  of  field  illumination  it  is  sometimes  wise  to  use  some 
fraction  of  I.  A  finite  source  cannot  be  confined  entirely  to  the 
optical  axis.  Consequently  it  produces  astigmatism,  which  Increases 
with  the  slit  length. 

5. 2. 2. 3  Field  Mirrors 

A  factor  governing  the  choice  of  field  mirrors  is  the  f 
ratio,  which  is  defined  as  the  ratio  of  focal  length  to  diameter.  If 
this  ratio  is  small,  diffraction  effects  which  distort  the  outlines  of 
the  source  image  are  reduced,  but  effects  of  astigmatism  and  aberration 
become  accentuated.  An  f  ratio  of  about  8  represents  a  typical  choice. 
The  two  field  mirrors  should  be  identical  in  order  to  cancel  coma. 

When  off-axis  parabolic  mirrors  are  used  there  is  neither  coma  nor 
ast  igmat  ism. 


The  on-axis  parabolic  mirrors  shown  in  Fig.  5-3  may  be  made 
from  cast  pyrex  glass  blanks.  Their  specifications  require  a  diameter 
of  30  in.;  focal  length  of  180  in.;  an  aluminized  front  surface;  and  a 
parabolic  shape,  which  is  ground,  polished,  and  figured  (shaped)  to 
within  one-tenth  of  a  wave  length  of  sodium  light. 


5.2. 2.4  Test-Section  Windows 


Suitable  wind-tunnel  windows  of  large  size  are  difficult  to 
obtain  and  maintain  because  glass  is  not  commercially  available  in  the 
thickness  required  to  withstand  the  stresses  produced  even  at  nominal 
temperatures  for  windows  whose  diameter  approaches  20  in.  The  use  of 
tempered  glass  (Herculite)  windows  that  were  28.5  in.  in  diameter  and 
1-1/4  in.  thick  proved  satisfactory  from  the  stress  standpoint,  but  the 
distortion  due  to  tempering  gave  them  poor  optical  qualities  and  also 
made  a  flush  fit  of  the  glass  and  frame  virtually  impossible. 


Experience  at  OAL  Indicates  that  the  best  windows  are  made  of 
borosllicate  crown  glass  cast  in  one  piece  and  2-7/8  in.  thick.  Fig¬ 
ure  5-2  shows  several  stress  rings  or  pouring  circles  in  such  a  window. 
It  is  difficult  to  mount  the  glass  blank  in  the  frames  for  a  flush  fit 
and  to  eliminate  creep.  The  glass  and  frame  should  be  flush  to  about 
+0.001  in.  in  order  to  minimize  flow  disturbances  in  the  test  section. 

The  OAL  windows  (borosllicate  crown  optical  glass.  Type  517- 
645,  or  crown  optical  glass.  Type  523-586)  were  fine  annealed  to  strain 
bi-refrlngence  of  10  mp  or  less  per  centimeter  of  light  path,  then 
ground  and  polished  to  within  one-half  wave  length  of  sodium  light  as 
determined  by  the  Newton  fringe  test  using  an  optical  flat.  The  oppo¬ 
site  faces  of  all  windows  should  be  parallel  in  all  places  to  within 
+0.002  in.  Suitability  of  such  glass  for  schlieren  photography  can  be 
Judged  by  the  Foucault  pin-hole,  knife-edge  test. 
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5. 2. 2. 5  Caaera 


A  lens  placed  behind  the  knife  edge  brings  the  plane  of  stria- 
tions  into  sharp  focus  on  the  film.  Assuaing  the  focal  length  of  the 
caaera  lens  is  saall  relative  to  that  of  the  field  lens,  the  ratio  of 
the  diaaeter  of  the  iaage  on  the  fila  to  the  diaaeter  of  the  subject 
(Subsec.  5.7)  is 


** image  _  ^3  ^2 _ 

•Afield  fg  +  fj  (li  -  f2) 


Here,  f2  is  the  focal  length  of  the  second  field  lens  or  mirror,  f^  is 

the  focal  length  of  the  camera  lens,  and  (i  is  the  distance  from  the 
field  to  the  second  field  lens.  This  assumes  that  the  camera  lens  im¬ 
mediately  follows  the  knife  edge. 

The  second  expression  gives  the  apparent  distance  to  the  sub¬ 
ject  from  the  caaera.  This  assumes  that  the  subject-to-second-fie Id- 
element  distance,  |i ,  is  less  than  f2. 


^2  ^ 

^  ^2  ~  Apparent  Distance 


(5-5) 


If  an  ordinary  still  or  motion-picture  camera  is  used,  this 
distance  is  the  one  which  should  be  set  on  its  focusing  scale.  If  the 
camera  lens  opening  is  larger  than  the  source  image  on  the  knife  edge, 
then  all  of  the  light  transmitted  across  the  knife  edge  is  recei/ed  on 
the  film.  The  choice  of  the  relative  sizes  of  the  image  at  the  knife 
edge  and  the  image  on  the  screen  fixes  the  speed  (focal  length/diameter) 
of  the  camera  lens.  This  lens  always  de-magnifies  the  image,  which  is 
necessary  not  only  for  good  photography  but  also  to  keep  the  length  of 
the  system  within  suitable  limits. 


Film  size  is  also  important  because  films  smaller  than 
4x5  in.  will  usually  lose  detail  when  they  are  enlarged.  The 
4  X  5-in.  size,  or  larger,  is  therefore  preferred.  Nevertheless,  the 
35-mm  film  should  be  considered  for  marginal  illumination  situations. 
When  used  carefully  it  can  also  yield  good  enlargements.  For  viewing 
purposes,  however,  such  Images  are  somewhat  small,  and  occasionally  it 
will  be  necessary  to  use  a  magnifying  glass  to  observe  small  details. 
Although  it  may  require  two  camera  lenses  and  a  folding  mirror  or  45-deg 
prism,  a  large  viewing  image  is  desirable  if  the  schlieren  system  is  to 
be  used  frequently.  For  a  4-ft  tunnel,  a  10  to  12-in.  viewing  image 
appears  reasonable. 


For  the  OAL  schlieren  system  the  photographic  exposure  time, 
using  a  4  X  5-in.  Speed  Graphic  camera,  was  determined  by  the  discharge 
rate  of  a  rectifier-condenser  storage  system  which  flashes  the  BH-6 
bulb  with  its  discharge  pulse.  This  exposure  time  of  about  5  jisec  re¬ 
sults  in  some  loss  of  detail  due  to  motion  of  the  flow  during  this  time. 

A  shorter  pulse  and  faster  film  would  give  a  sharper  picture  and  greater 
capability  for  "stopping"  disturbances  such  as  vortices,  wakes,  and 
boundary  layers.  Super-Pan  Press  cut  film,  developed  in  a  D-10  developer, 
can  be  used  for  such  pictures. 
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5.2.3  Senaitiyity  of  the  Schlieren  Systea 

The  sensitivity  of  a  schlieren  systea  is  usually  defined  as 


« 


(5-6) 


.  vhere 

I  =  light  Intensity 

a  =  saallest  deflection  which  is  visible 

b  =  distance  froa  the  field  to  the  knife  edge 

a  =  unobscured  width  of  the  image  in  the  undeflected  case 


It  would  appear  that  the  sensitivity  could  be  Increased  by  cutting  down 
the  light  at  the  knife  edge  and  removing  the  knife  edge  further  froa 
the  field.  Actually,  if  the  long  focal  length  of  the  field  elements 
is  increased  without  increasing  the  diameter,  the  sensitivity  of  the 
system  is  reduced  because  of  the  increase  in  diffraction  effects  when 
the  f  ratio  is  raised. 


The  sensitivity  of  a  schlieren  apparatus  is  difficult  to  de¬ 
termine  because  it  is  difficult  to  measure  of  exactly.  This  difficulty 
is  due  in  part  to  the  smallness  of  a  and  in  part  to  the  time  element  in¬ 
volved.  For  example,  the  weakest  striation  that  can  be  recorded  wben 
the  exposure  is  a  short  duration  flash  is  different  from  that  which  can 
be  recorded  with  a  very  long  time  exposure.  Vibration,  light  scatter 
from  dust  on  the  elements,  diffraction,  difficulty  of  setting  the  cut¬ 
off  precisely,  and  many  other  "secondary"  factors  influence  sensitivity. 


For  both  a  film  and  the  eye,  the  just-noticeable  increase  in 
intensity  of  light  is  proportional  to  the  background  intensity.  Thus 
the  deflection  required  to  produce  a  noticeable  effect  under  heavy  back¬ 
ground  illumination  must  be  stronger  than  that  required  under  weak  il¬ 
lumination.  Consequently,  the  most  sensitive  schlieren  is  that  having 
full  cutoff.  As  previously  pointed  out,  if  this  were  done  with  an  ord  n- 
ary  knife  edge,  deflections  in  only  one  direction  could  be  recorded. 

If  the  knife  edge  were  replaced  by  a  bar  just  covering  the  source  image, 
deflections  in  opposite  directions  normal  to  the  bar  could  be  read.  If 
the  bar  were  replaced  by  a  circular  disc  and  a  circular  source  employed, 
then  the  absolute  value  of  deflections  in  all  directions  could  be  read. 
Despite  this  sacrifice  in  information  concerning  the  direction  of  the 
deflection,  it  is  the  most  sensitive  screen  of  all.  Since  the  diffrac¬ 
tion  effect  causes  some  light  always  to  pass  around  the  circular  stop, 
the  sensitivity  goes  up  whenever  the  deflection  can  be  increased  with¬ 
out  an  Increase  in  this  diffraction.  For  the  more  common,  single  knife- 
edge  system,  the  sensitivity  of  the  system  can  be  considered  good  if  the 
weak  Mach  waves  normally  found  in  most  supersonic  wind-tunnel  nozzles 
are  barely  visible  in  the  background,  as  shown  in  Fig.  5-2.  This  particu¬ 
lar  system  is  very  sensitive  and  suitable  for  studies  of  small  gradients. 
However,  for  strong  shock  waves  the  system  is  overdriven,  and  consider¬ 
able  detail  is  lost  in  strong  disturbances.  The  sensitivity  is  always  a 
compromise,  biased  by  the  type  of  studies  for  which  the  system  will  be 
used. 
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5.2.3 


When  exposure  tlae  Is  crlticnl,  one  should  concentrate  on 
finding  the  siniwn  deflection  froa  behind  the  knife  edge  vhlch  will 
expose  the  fils  adequately.  Assuaing  that  both  field  eleaents  are 
Identical  and  using  the  linear  deflection  of  the  source  iaage  equation, 
the  light  per  unit  area  arriving  at  the  film  for  this  system  is  given  by 


where 


IB  =  intrinsic  brilliance  of  the  source 

0  =  exposure  tiae 

f j  =  f  ratio  of  the  field  lens 

dj  =  dlaaeter  of  this  lens 

=  area  of  the  field  iaage  on  the  film 

I  =  length  of  the  source 

source  “ 


Actually  there  are  absorptions  in  all  of  the  elements,  and  the  rating 
of  the  source  is  dependent  upon  the  color  sensitivity  of  the  film. 
However,  this  equation  shorn:  the  relative  importance  of  the  major  de¬ 
sign  variables  in  the  system.  If  a  condenser  used,  the  IB  of  the 
apparent  source  will  not  be  that  of  the  actual  source  but  will  be  de¬ 
pendent  upon  the  f  ratio  of  the  condenser  lens.  With  the  standard 
knife  edge,  which  gives  information  concerning  the  direction  of  the 
deflection,  some  light  always  illuminates  the  background.  The  amounv 
of  light  allowed  to  pass  over  the  screen  should  be  just  sufficient  to 
record  the  maximum  deflection  into  the  knife  edge  to  be  measured. 

For  this  case  the  average  illumination  on  the  film  will  be 
given  by  Eq.  5-7,  but  a  will  be  replaced  by  a/(f|  dj^),  where  a  is  the 

width  of  the  portion  of  the  source  image  not  cut  off. 

For  the  case  of  the  grating-screen,  the  angular  deflection 
may  be  measured  in  units  of  the  grid  spacing.  The  sensitivity  is  de¬ 
termined  by  diffraction  effects  rather  than  the  spacing.  For  detailed 
studies  it  is  desirable  to  use  a  larger  number  of  closely  spaced  bars. 
However,  the  diffraction  effects  increase  with  the  fineness  of  the 
spacing  and  impair  the  iaage.  As  a  guide  to  the  lower  limit  of  the 
spacing  it  is  wise  to  choose  a  grating  parameter  at  least  an  order  of 
magnitude  greater  than  2fjA,  where  X  is  the  wave  length  of  the  light. 

Much  additional  inforaation  on  the  design  and  operation  of 
schlieren  systems  and  the  analysis  of  schlieren  photographs  is  avail¬ 
able  in  the  literature.  In  addition  to  the  references  already  cited, 
see  Refs.  64,  154,  and  203  to  212  for  more  details. 
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5.2.4  Color  Schlieren 


The  black-and-white  schlieren  any  be  converted  to  color  by 
■ountlng  a  prism  as  shown  in  Figs.  5-6  and  5-7  to  make  the  light  source 
adjustable.  With  this  arrangement  a  single  color  band  of  the  light 
spectrum  may  be  selected  to  Illumine  the  screen  when  the  density  in  the 
field  is  uniform.  When  a  density  gradient  in  some  part  of  the  test  sec-, 
tion  develops,  the  corresponding  part  of  the  image  on  the  screen  changes 
color.  Since  the  eye  is  more  sensitive  to  changes  in  hue  than  to 
changes  in  illumination  (Ref.  213),  the  color-system  has  obvious  advan¬ 
tages  over  the  black-and-white  system. 


The  NAA  color  schlieren  system  (Ref.  214)  is  typical  of  sys¬ 
tems  now  in  operation.  In  this  system  the  mercury-arc  lamp  is  replaced 
by  a  lamp  whose  white  light  source  is  concentrated  into  a  narrow  slit 
and  used  as  a  rectangular  source.  A  prism  breaks  up  the  narrow  beam  of 
light  into  the  colors  of  the  visible  spectrum.  A  double  knife-edge  at 
the  camera  is  adjusted  to  form  a  narrow  slit  so  that  one  band  of  the 
spectrum,  which  is  an  image  of  the  source  slit,  can  be  selected  as  a 
background  color. 

The  component  parts  of  the  complete  system  (identified  by  num¬ 
ber  for  the  following  discussion)  are  shomn  in  Fig.  5-6.  In  operation, 
white  light  from  the  source  (1)  is  collected  by  a  double  convex  lens  (2) 
and  focused  at  plane  ( 3) .  At  this  plane,  which  coincides  with  the  focal 
plane  of  the  parabolic  mirror  (6),  a  narr<mi  vertical  slit  (4)  is  intro¬ 
duced  to  form  an  effective  sharp-edged  light  source  of  finite  size. 

This  slit  passes  the  white  light  in  a  narrow,  divergent  bean  to  the 
constant-deviation  prism  (5),  which  performs  the  dual  function  of  break¬ 
ing  up  the  light  into  its  constituent  spectral  colors  and  turning  the 
beam  90  deg  to  direct  it  toward  the  parabolic  mirror  (6).  All  of  the 
divergent,  overlapping  bands  of  colored  light  which  emerge  from  the 
prism  fall  on  the  face  of  the  mirror,  so  that  each  of  the  colors  covers 
the  entire  face.  The  mirror  then  reflects  each  of  these  colors  in  wide 
overlapping  beams  through  the  test  section  windows  (7)  and  (9)  to  the 
second  parabolic  mirror  (10).  Although  each  of  these  beans  is  composed 
of  parallel  rays,  the  beams  themselves  are  not  parallel  to  each  other, 
since  the  original  beam  emitted  from  the  effective  source,  slit  (4), 
is  divergent  and  the  emergent  overlapping  beams  from  the  prism  are  at 
different  angles  due  to  the  different  index  of  refraction  for  each 
color.  Thus  each  beam  strikes  the  mirror  at  a  different  angle  and  is 
reflected  at  a  different  angle  from  its  overlapping  neighbor  (see 
Fig.  5-7).  It  is  necessary  that  each  color  beam  be  of  sufficient 
width  to  cover  the  entire  test-section  window  (7)  as  it  passes  through. 
At  parabolic  mirror  (1)  each  of  the  beans  is  collected  and  re-focused 
into  an  image  of  the  effective  source,  slit  (4),  at  plane  (11).  The 
net  result  is  a  spectrum  in  which  the  slit  (4)  is  duplicated  in  each  of 
the  visible  colors.  A  double  knife-edge  in  the  form  of  a  slit  (12)  is 
introduced  into  the  image  at  this  plane  with  its  edges  parallel  to  the 
bands  of  the  spectrum.  The  edges  are  then  adjusted  so  that,  as  indi¬ 
cated  above,  only  one  selected  color  band  is  allowed  to  pass  through 
into  the  schlieren  camera  to  illuminate  uniformly  the  ground-glass 
viewing  screen.  Because  all  of  the  light  rays  deflected  from  the  mir¬ 
ror  (10)  are  coincident  at  plane  (11)  a  uniform  darkening  or  lightening 
of  the  screen  occurs  as  the  slit  is  closed  or  opened,  respectively. 


When  air  at  supersonic  speed  is  flowing  into  the  tunnel,  the 
rays  of  light  which  pass  through  the  density  gradients  in  the  shock- 
wave  pattern  around  the  model  ( 8)  are  deflected  from  their  original 
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paths.  Rays  of  light  passlog  through  a  density  gradient  in  air  are 
deflected  toward  the  regions  of  higher  density  because  they  travel 
■ore  slowly  as  the  density  increases.  Thus  the  whole  portion  of  the 
spectrun  which  passes  through  the  shock-wave  pattern  goes  through  a 
slight  coaposite  shift  so  that  rays  of  different  colors  occupy  the 
paths  fomerly  occupied  by  another  color  in  the  energent  light  bean. 

The  anount  of  this  shift  or  refraction  for  each  of  the  light  rays  is 
dependent  upon  the  wave  length  of  each  color  and  the  strength  and  char¬ 
acteristics  of  the  density  gradients  throughout  the  shock-wave  pattern 
through  irtiich  each  of  the  rays  pass.  The  relative  position  of  the 
spectral  inage  in  respect  to  the  slit  (12)  also  shifts,  and  light  rays 
of  colors  different  fron  the  selected  background  color  pass  through 
the  slit,  while  the  rays  of  the  background  color  which  they  have  re¬ 
placed  are  blocked  on  the  edges  of  the  slit.  Therefore,  the  shock-wave 
pattern  is  illuninated  on  the  viewing  screen  in  a  varied  color  pattern, 
the  colors  of  which  represent  the  density  gradients  created  in  the  air 
flow  by  the  presence  of  the  nodel.  The  visible  portion  of  the  test 
section  which  is  undisturbed  by  density  gradients  retains  the  color  of 
the  selected  background  band. 

5.2.4. 1  Light  Source 


For  best  color  results,  a  tungsten-filament  light  source 
(Refs.  214  and  215)  is  preferable  to  the  mercury-arc  BH-6  lamp,  which 
has  a  predominantly  greenish-blue  spectrum  with  a  narrow  band  of  red 
at  one  extremity.  However,  the  much  greater  light  intensity  from  the 
BH-6  bulb  allows  exposures  of  a  few  nilliseconds,  as  compared  to  expo¬ 
sure  times  in  the  order  of  1/10  sec  for  a  300-w  GE  PS-22  photo-micro¬ 
graph  lamp,  and  therefore  “stops'*  the  flow  much  more  effectively.  With 
the  BH-6  light  source,  high-speed  notion  pictures  of  less  than  1000 
franes/sec  have  been  successfully  taken. 

Another  light  source  (Ref.  216)  utilizes  a  high-pressure  spark 
consisting  of  two,  steel,  conical  electrodes  separated  by  a  lucite 
spacer.  Haxinun  light  was  obtained  by  using  a  3/32-in.  orifice  in  one 
electrode  and  a  3/32-in.  bole  through  the  lucite  spacer.  The  discharge 
of  a  0.25-|if  oil-filled  condenser,  charged  to  approximately  15  kv, 
across  the  spark  gave  a  satisfactory  film  exposure  in  about  1  psec. 

5. 2. 4. 2  Sensitivity  Control  Slit 

The  sensitivity  is  naxinized  when  the  deflected  rays  of  light 
(see  Fig.  5-6)  are  exactly  perpendicular  to  the  edges  of  the  slit  (12), 
and  it  decreases  as  the  component  of  ray  deflection  perpendicular  to 
the  edges  decreases.  Therefore,  this  slit  should  be  introduced  into 
the  spectral  inage  plane  (11)  with  its  longest  dimension  perpendicular 
to  the  direction  in  which  the  density  gradient  to  be  observed  is  likely 
to  ^cur  (i.e.,  a  vertical  slit  for  normal  or  near-normal  shocks,  and  a 
horizontal  slit  for  observing  boundary- layer  density  gradients  and  coni¬ 
cal  shocks  at  high  Mach  numbers  where  the  half  angle  8  is  less  than 

s 

45  deg).  Whenever  the  angular  position  of  the  slit  is  changed,  the 
prism  and  the  light  entering  it  fron  the  source  must  also  be  changed  so 
that  the  color  spectrun  passing  through  the  test  section,  and  conse¬ 
quently  the  spectral  inage  at  focal  plane  (11),  are  always  situated  with 
the  bands  parallel  to  the  long  side  of  the  slit  (12).  Since  the  slit  (12) 
is  introduced  into  the  focal  plane  of  the  spectral  image  at  (11),  a  uni¬ 
form  darkening  of  the  screen  occurs  as  the  slit  is  made  narrower.  This 
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function  Is  frequently  elsunderstood.  because  It  is  often  confused  with 
the  effect  obtained  when  an  obstruction  Is  Inserted  In  the  plane  of 
the  test  section,  where  a  shadow  of  the  obstruction  would  then  appear 
on  the  screen.  A  shadow  of  the  edges  of  the  slit  does  not  appear  on 
the  screen  because  the  slit  is  Introduced  into  the  Inage  plane  where 
the  rays  of  light  from  the  second  parabolic  nlrror  (10)  are  coincident, 
forming  a  new  image  of  the  effectiwe  source  (4).  There  is  a  limit  in 
this  narrowing  process  beyond  which  sharpness  of  the  model  image  on 
the  screen  is  decreased.  Thus  the  width  of  the  slit  is  governed  by 
three  factors: 

1.  Width  of  the  desired  background  color  band  in  the  spectral 
image 

2.  Required  illumination  or  color  tone 

3.  Sharpness  of  detail  in  the  model  silhouette. 


5. 2. 4. 3  Effective  Light  Source 

To  obtain  high  sensitivity  for  a  fixed  lamp  wattage,  the 
light  source  must  be  very  narrow  (see  Fig.  5-6)  in  the  direction  per¬ 
pendicular  to  the  edges  of  the  slit  (12).  It  may  be  long  in  the  direc¬ 
tion  parallel  to  this  slit  because  this  dimension  has  no  effect  on  the 
sensitivity.  It  must  be  of  sufficient  length  so  that  the  incident  beam 
at  the  prism  covers  its  full  height  and  the  divergent  beam  emerging 
from  the  prism  fills  the  first  parabolic  mirror  (6)  in  that  dimension. 
Therefore,  the  optimum  shape  of  the  source  is  a  very  narrow  rectangle. 
Because  it  is  difficult  to  obtain  a  high-power  white-source  lamp  having 
a  filament  of  the  exact  desired  dimensions,  a  mask  is  necessary.  This 
mask  in  the  form  of  a  slit  (4)  is  Introduced  into  the  intense  spot 
image  (3)  of  the  real  light  source  formed  by  the  condenser  lens  (2). 

It  affords  a  convenient  control  on  the  dimensions  of  the  source  and 
may  be  used  to  select  the  most  Intense  portion  of  the  real  light  source 
image  and  thus  eliminate  the  color  fringe  that  is  created  by  the  chro¬ 
matic  aberration  of  the  condenser  lens.  In  order  to  obtain  a  very  pure 
spectrum  it  is  also  necessary  to  set  this  slit  (4)  as  narrow  as  the  re¬ 
quired  illumination  on  the  screen  will  allow.  This  reduces  overlapping 
of  the  color  bands  of  the  spectrum  to  a  minimum,  so  that  the  spectral 
image  at  slit  (12)  is  as  narrow  as  passible  and  the  color  parity  of 
each  band  is  then  at  the  maximum  obtainable  within  the  limits  of  illum¬ 
ination.  With  the  test  equipment  described  (Bef.  214)  it  has  been  found 
that  the  best  width  for  this  slit  is  0.05  in.  With  improved  illumina¬ 
tion  and  optics,  it  should  be  possible  to  reduce  this  width  and  obtain 
increased  purity  in  the  spectrum. 


5. 2. 4. 4  Condenser  Lens 


Since  this  lens  serves  to  gather  the  light  from  the  lamp  and 
focus  it  into  an  intense  image  of  small  area,  it  is  desirable  to  use  a 
lens  of  larger  diameter  and  shorter  focal  length  than  the  one  shown  in 
Fig.  5-6  in  order  to  gather  more  of  the  available  light  into  a  more  in¬ 
tense  image  of  smaller  size.  A  2-in.  diameter  lens  with  a  focal  length 
of  0.75  in.  would  be  more  satisfactory  and,  in  conjunction  with  a  good 
parabolic  reflector  behind  the  lamp,  should  greatly  Increase  the  illum¬ 
ination  on  the  viewing  screen. 
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5. 2. 4. 5  PfaotMtraphic  Film 

Several  commercially  available  films  can  be  used  to  produce 
color  transparencies.  They  are  high-speed  Ektachrome,  Super  Ansco- 
chrome,  and  Kodachrome,  each  of  which  is  available  in  both  daylight 
and  indoor  balance.  Experience  indicates  that  the  indoor-type  film, 
with  its  greater  blue  sensitivity,  gives  the  desired  results  without 
concomitant  darkening  and  degradation  of  the  blues  in  the  picture. 
Ektachrome  sheet  film,  which  can  be  processed  immediately  in  the  avail¬ 
able  darkroom,  shows  a  very  long  scale  with  good  graduations  of  color 
and  fairly  wide  latitude,  and  has  been  used  successfully. 

Because  color  film  is  not  constant  in  response  from  one  batch 
to  another,  it  is  advantageous  to  purchase  enough  film  of  the  same  emul¬ 
sion  number  to  complete  a  series  of  photographs.  Variation  is  also 
caused  by  the  fact  that  the  spark  does  not  deliver  a  constant  output 
from  day  to  day  or  from  picture  to  picture,  due  partly  to  atmospheric 
conditions.  Within  a  particular  sequence,  however,  the  variations  are 
usually  not  great  enough  to  ruin  the  set.  Nevertheless,  it  is  good 
practice  to  make  several  test  exposures  after  a  regular  series  is  com¬ 
pleted.  These  exposures  may  then  be  developed  for  the  varying  times 
suggested  in  the  instruction  leaflets  given  with  the  film,  and  from 
these  results  the  best  developing  time  can  be  determined  for  the  test 
set.  With  a  good  deal  of  experience,  a  skilled  operator  may  be  able  to 
judge  proper  timing  from  the  density  of  the  negative  image  just  before 
re-exposure.  However,  the  determination  of  final  color  balance  cannot 
be  made  this  way.  Once  a  satisfactory  black  and  white  negative  has 
been  obtained,  the  remainder  of  the  color  developing  procedure  is  normal. 


Even  with  the  greater  exposure  inherent  in  the  longer  duration 
BH-6  mercury-vapor  light  source,  it  is  almost  necessary  for  the  inves¬ 
tigator  to  control  the  film  development  process  in  his  own  darkroom,  in¬ 
stead  of  having  it  processed  commercially.  A  slight  under-exposure  with 
a  corresponding  over-development  in  the  first  developer  tends  to  enhance 
the  reds  in  the  Ektachrome  film. 


5. 2. 4. 6  Simple  Color  Schlieren  System 

Acceptable  colored  schlieren  pictures  can  be  obtained  with  a 
simple  and  inexpensive  modification  to  an  existing  black-and-white 
schlieren  system.  Strips  cut  about  1/16  in.  wide  from  a  number  of  vari¬ 
colored  Wratten  gelatin  filters  are  mounted  in  a  suitable  bolder  with 
the  sides  of  the  strips  parallel  and  close  enough  to  prevent  light  from 
passing  between  them.  This  "artificial  spectrum"  replaces  the  conven¬ 
tional  knife  edge.  A  device  for  raising  and  lowering  the  spectrum  pro¬ 
vides  the  means  for  varying  the  background  color.  Rotation  of  the  spec¬ 
trum  corresponds  to  orientation  of  the  knife  edge. 

This  simple  system,  credited  to  WADC,  is  not  affected  by  the 
type  of  light  source  and  may  employ  any  type  of  spectrum.  All  that  is 
required  is  brilliance.  Unlike  the  prism  system  the  colors  do  not  de¬ 
pend  upon  the  type  of  light  source.  The  system  is  very  economical  and 
the  results  are  good. 


The  spectrum  used  at  WADC  was  a  true  color  spectrum  obtained 
with  a  prism  and  exposed  on  a  sheet  of  film.  It  is  virtually  impossible 
to  obtain  the  proper  exposure  simultaneously  for  the  bright  and  dark 
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colors  in  this  ssnner;  hence, 
■ended  for  better  results. 


the  vari-colored  strip  technique  is  recoa- 


Becsuse  of  the  high  cost  of  color  prints,  it  is  advisable  to 
I  use  a  2-1/4  x  2-1/4-ln.  caaera  for  color  photography  in  order  to  get 

negatives  which  aay  be  aounted  directly  in  standard  4  X  3-1/4-in. 
glass  slides. 

5.3  Inter  f er oaet  r y 

I  Of  the  three  best  known  aethods  of  flow  visualization,  the 

Interferoaeter  is  the  aost  suitable  for  quantitative  aeasureaents  of 
density  because  it  peralts  a  direct  aeasure  of  the  change  in  refractive 
index  to  be  aade.  Shadowgraph  and  schlieren  operation  is  based  on 
changes  in  the  refractive  index  for  the  bending  of  light  rays.  The  In¬ 
terferoaeter,  on  the  other  hand,  depends  upon  the  fact  that  the  transit 
tlae  varies  with  the  refractive  index.  The  interferoaeter  has  been 
I  widely  developed  and  used  for  a  wide  range  of  flow  probleas. 

5.3.1  Macb-Zehnder  Interferoaeter 

The  basic  principle  of  Interferoaetry  is  best  explained  by  a 
description  and  analysis  of  a  simplified  form  of  the  Mach-Zebnder  In- 
I  terferoaeter  shown  below.  Test 


Light  from  a  monochromatic  source  passes  through  the  collimating  lens, 
L^,  and  the  parallel  beam  is  divided  by  the  splitter  plate,  S^.  Part 

of  the  beam  is  reflected  to  the  mirror,  M2,  where  it  is  again  reflected 

and  transmitted  to  the  second  splitter  plate,  S2,  through  the  lens,  l^, 

to  form  an  image  on  the  photographic  plate,  P.  The  second  part  of  the 
original  beam  is  transmitted  by  S^,  reflected  by  both  M^  and  S2,  and 

transmitted  by  L2  to  P.  If  S^,  S2,  M^,  and  H2  are  all  parallel  and  the 

lengths  of  the  two  light  paths  are  equal,  the  illuaination  on  the  screen 
will  be  uniform.  If  $2  (or  any  other  element)  is  rotated  very  slightly, 

the  two  wave-fronts  will  be  inclined  at  an  angle  to  one  another,  a~^d  a 
phase  shift  will  be  shown  by  a  uniform  fringe  pattern  on  the  plate. 

When  a  density  disturbance  is  introduced  into  one  beam,  the  speed  of 
light  in  that  beam  will  be  changed  proportionately  and  the  fringes  will 
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wove  either  up  or  down.  A  conparison  of  the  distorted  with  the  undis¬ 
torted  position  of  the  fringes  will  allow  the  evaluation  of  the  change 
in  refractive  index  and  hence  of  the  density.  It  is  possible  to  evalu¬ 
ate  a  variable  density  disturbance  by  following  the  sane  basic  principle 
as  that  of  a  step  change  in  density. 


5.3.2 


Design  of  an  Interferoneter 


The  practical  design  of  an  interferoneter  differs  in  several 
respects  fron  the  idealized  one.  Adjustnents  have  to  be  nade  for  the 
realities  of  the  finite  size  of  the  light  source  and  the  appreciable 
thickness  of  the  plates.  The  whole  apparatus  nust  be  nounted  on  a 
readily  novable  stand  which  is  also  shock  and  vibration  proof.  It  nust 
be  possible  to  view  the  striations  by  eye  as  well  as  by  means  of  photo¬ 
graphic  processes. 

5. 3. 2.1  Light  Source 

The  first  requirement  of  the  light  source  is  that  it  should 
be  monochromat Ic .  This  condition  is  always  far  from  being  realized. 

The  presence  of  a  spectral  band  width  in  the  light  beam  limits  the  num¬ 
ber  of  fringes  that  can  be  obtained.  This  is  of  particular  Importance 
in  the  study  of  regions  of  high  density  gradient  where  a  large  number 
of  narrow  fringes  are  necessary  to  give  an  accurate  measurement.  The 
total  number  of  useful  fringes,  N,  is  given  by 


N  =  X/AA 


(5-8) 


where 


X  and  (X  AX)  =  two  wave  lengths  present  in  the  beam 


The  second  requirement  of  the  light  source  is  that  it  should 
be  a  point  source.  Equation  5-8  shows  the  effect  of  the  number  of 
fringes  when  the  light  is  not  monochromatic.  The  effect  of  the  finite 
size  of  the  light  source  on  the  number  of  useful  fringes  that  may  be 
obtained  has  been  shown  (Ref.  151)  to  be 


(5-9) 


where  the  aperture  of  the  light  beam,  is  defined  below. 


Source 

Slit 


One  frequently  used  light  source  employs  a  capacitance  of 
about  2  |if  charged  to  2000  v  and  discharged  through  a  GE  high-pressure 
mercury-vapor  capillary-arc  BH-6.  The  light  can  be  made  sufficiently 
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■ODOcbroMtlc  to  give  200  usable  fr luges  by  passing  through  a  Kodak 
Vratten  No.  77A  filter.  A  nask  with  a  ssall  bole  should  be  used  to 
reduce  the  size  of  the  light  source.  The  BH-6  lasp  say  be  used  for 
short  flashes  or  for  the  continuous  burning  required  during  adjustsent 
of  the  interferoseter. 


m 


Another  suitable  light  source  uses  a  2  pf  capacitance  charged 
to  about  16,000  v  and  discharged  in  air  between  aagnesius  electrodes.  ^ 

The  light  from  this  cannot  be  made  nonochrosatic  by  means  of  a  simple 
filter  but  requires  a  monochromator,  construction  details  of  which  may 
be  obtained  in  Ref.  198. 

• 

A  rotating  mirror  and  camera  lens  combination  nay  be  used  to 
reduce  the  effective  duration  of  the  light  source.  This  is  particularly 
helpful  in  studies  of  the  air  density  around  high-speed  projectiles. 


5. 3. 2. 2  Splitter  Plates.  Mirrors.  Windows,  and  Compensating  Cell 

When  an  interferometer  is  used  in  conjunction  with  a  wind 
tunnel,  the  field  to  be  studied  is  nearly  always  contained  between 
glass  windows  of  considerable  thickness  to  withstand  stress.  In  order 
to  compensate  for  the  Increase  in  optical  path  of  the  bean  by  the  win¬ 
dows,  a  cell  composed  of  two  similar  windows  is  placed  in  the  other 
half  of  the  light  path  as  shown  in  the  sketch  in  Subsec.  5.3.1.  All 
the  plates,  mirrors,  and  windows  should  be  made  of  good  optical  glass 
free  of  striae  and  polished  flat  to  0.1  wave-length  of  light  or  better. 
The  thickness  of  each  matched  pair  should  be  true  to  10  wave-lengths 
of  light.  Suitable  quality  glass  is  BSCl  or  BSC2  (Rausch  and  Lonb  nota¬ 
tion).  It  is  difficult,  however,  to  make  circular  glass  windows  having 
a  diameter  greater  than  15  in.  which  conform  to  the  above  specifications. 
The  diameter  of  most  splitter  plates  and  mirrors  is  therefore  of  the 
order  of  9  in.  Slight  variations  in  refractive  index  in  the  glass  of 
the  windows  may  sometimes  be  mitigated  by  rotating  the  windows  both  with 
respect  to  each  other  and  to  the  sides  of  the  compensating  cell.  More¬ 
over,  the  compensating  cell  may  also  be  adjusted  slightly  to  accommodate 
the  small  variations  in  thickness  of  the  test-section  windows. 


Ideally,  the  coating  of  the  splitter  plates  should  transmit  0 

and  reflect  light  in  equal  proportions,  while  absorbing  as  little  as 
possible.  Since  the  effectiveness  of  the  coating  is  closely  related 
to  the  wave  length  of  the  light  and  its  angle  of  incidence,  it  may  be 
necessary  to  use  different  coatings  for  different  purposes.  Refer¬ 
ence  198  suggests  zinc  sulphide  as  a  satisfactory  coating.  In  many 
cases  the  reflecting  side  is  coated  with  Ti02,  which  reflects  35?^  of 

the  incident  light.  The  non-reflecting  side  is  coated  with  MgFl2>  ^ 

which  reflects  about  4ft  of  the  incident  light.  Since  the  plates  come 
in  matched  pairs,  they  are  able  to  compensate  each  other. 


The  mirrors  are  best  when  coated  with  aluminum  of  such  thick¬ 
ness  that  at  least  905^  of  the  light  is  reflected.  They  should  transmit 

at  least  1‘i  of  the  light  if  they  are  used  to  adjust  the  system.  • 

5. 3. 2. 3  Mounting  the  Int erferometer 


The  Interferometer  is  extremely  sensitive  to  both  vibration 
and  temperature.  To  assure  a  precise  adjustment  at  all  times,  it  must 
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be  MNiated  on  •  very  stable  base,  vbicta  should  have  a  low  coefficient 
of  tbersal  expansion  and  a  larce  beat  capacity.  Moreover,  if  the  opti¬ 
cal  surfaces  are  soonted  too  ti^tly,  they  say  produce  strains  in  the 
glass.  Reference  217  gives  details  of  successful  sethods  of  sounting. 

All  the  plates  should  be  capable  of  rotation  in  both  the 
horixontal  and  vertical  planes,  with  one  axis  in  the  reflecting  sur¬ 
faces.  The  c<Mitrol8,  which  require  both  fine  and  coarse  adjustsent, 
nay  be  hand  operated  or  notor  driven.  In  the  latter  case  the  notors 
should  be  geared  down  to  give  very  Ion  speeds  in  order  to  allow  tine 
to  adjust  to  the  desired  fringe  widths  and  changes  of  width.  One  plate, 
usually  the  second  splitter  plate,  should  also  be  capable  of  transla¬ 
tion  in  order  to  vary  the  path  distance. 

The  10-in.  Mach  Zehnder  interferoneter  used  at  WAOC  (Ref.  218) 
is  Illustrated  in  Fig.  5-8.  A  unique  feature  of  this  particular  Instru- 
nent,  whose  field  of  view  is  a  6  x  9-ln.  ellipse,  is  that  a  schlieren 
systen  and  interferoneter  are  conbined  in  a  single  franework. 

5.3.3  Adjustnent  of  the  Interferoneter 

Since  it  is  a  sensitive  instrunent,  initial  adjustnent  of  the 
interferoneter  to  obtain  fringes  nay  Involve  a  long  and  tedious  proce¬ 
dure.  The  details  of  this  adjusting  process  nay  vary  fron  one  systen 
to  another,  depending  upon  the  techniques  used  and  the  auxiliary  equip- 
nent  that  is  available.  Since  details  of  several  nethods  nay  be  readily 
found  (Refs.  1,  151,  and  198),  only  the  outline  is  given  here. 

The  first  step  requires  either  an  exact  parallelisn  between 
the  nlrrors  and  the  splitter  plates  or  sone  equivalent  positioning  of 
the  four  surfaces  to  provide  equal  lengths  for  the  two  light  paths  in 
the  systen.  This  nay  be  accoiqilished  by  neans  of  a  sinple  continuous 
light  source  and  a  pentaprisn  on  an  optical  bench,  by  neans  of  known 
horizontal  and  vertical  reflecting  surfaces,  or  by  neans  of  two  sets 
of  cross  hairs.  If  the  two  sets  of  cross  hairs  are  enployed,  one  set 
is  nounted  near  the  light  source  and  the  other  near  the  first  splitter 
plate.  Two  screens  are  set  up  opposite  sides  of  the  interferoneter 
in  such  positions  that  a  lens  placed  behind  the  second  splitter  plate 
focuses  one  set  of  cross  hairs  on  each  screen.  Each  set  of  cross  hairs 
will  then  produce  two  Inages  on  each  screen,  one  fron  each  light  path. 
The  splitter  plates  nust  be  adjusted  until  both  inages  on  each  screen 
are  coincident.  This  adjustnent  nust  be  very  precise. 

The  second  step  is  to  produce  the  fringes.  Since  the  nunber 
of  fringes  obtainable  is  an  Inverse  function  of  the  bandwidth  of  the 
light,  it  is  advisable  to  have  the  source  as  close  to  nonochronatic  as 
possible;  if  there  are  relatively  few  fringes  they  will  be  harder  to 
locate  on  the  screen.  For  this  purpose  the  GE,  BH-6  nercury  lanp, 
operating  at  approxinately  60  v  under  rated  voltage,  is  a  satisfactory 
light  source.  A  slight  rotation  of  either  of  the  plates  should  produce 
fringes.  If  the  fringes  do  not  appear,  the  previous  adjustnent  was  not 
sufficiently  accurate. 

For  the  final  and  nost  difficult  step,  the  fringes  nust  be 
centered  in  the  test  section  focused  clearly,  and  then  given  the  correct 
orientation,  usually  either  horizontal  or  vertical.  When  properly  ad¬ 
justed  the  fringes  are  correctly  spaced,  and  the  white  light  fringes 
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coincide  with  n  pre- determined  posltloa  in  the  test  section.  Since  the 
greatest  contrast  always  occurs  near  the  white  light  fringes  it  is  ad¬ 
visable  to  place  thea  in  such  a  positioa  in  the  field  that,  in  the  dis¬ 
turbed  state,  they  will  wove  into  the  region  where  the  density  gradient 
is  of  greatest  interest,  thereby  providing  the  fringes  of  greatest  con¬ 
trast  in  that  region. 


5.3.4 


Evaluation  of  Interfere 


The  density  distribution  in  a  flow  field  say  be  deeamined 
by  comparing  the  interferogram  of  the  field  with  one  taken  thout 
flow,  all  other  conditions  being  maintained.  The  shift  of  the  fringe 
at  any  point  on  the  visualization  represents  the  change  in  the  optical 
path  length  due  to  the  tine  average  of  the  density  changes  experienced 
by  a  ray  passing  through  the  point.  Thus,  in  two-dimensional  fields, 
the  interferogram  has  a  simple  Interpretation. 


1 


No  Flow 


Light 

Intensity 


3  4 


/\/\AAA/\AA.»<- 


As  shown  above,  the  light  intensity  is  measured  along  a  line  perpendi¬ 
cular  to  the  fringes.  The  distance  from  one  bright  (or  dark)  band  to 
the  next  in  the  no-flow  case  is  called  the  fringe  width,  b.  For  a 
point,  P,  on  the  line  in  question  the  displacement,  6,  of  the  fringe 
from  its  no-flow  position  may  be  measured.  The  density  change  between 
the  two  field  conditions,  flow  and  no-flow,  at  the  point,  P,  is  given  by 


_  6 

P2  "  Pi  b 


(5-10) 


where 


P2  Pi 


=  densities  with  flow  and  no  flow 


Xg  =  wave  length  of  the  li^t  in  vacuum 


=  n=l 


K  =  Gladstone-Dale  constant  =  where  if  =  index 

of  refraction  P 


L  =  length  traversed  in  the  flow  field 

Equation  5-10  assumes  that  the  same  gas  occupies  the  compensating  cell 
as  flows  through  the  test  section.  Without  this  assumption  the  equa¬ 
tion  becomes  more  complex  (Ref.  201). 


The  quantity  nay  be  coagNited  or  measured.  In  the  latter 

case  it  is  found  by  measuring  the  fringe  shifts  across  known  density 
changes  such  as  those  across  a  shock  wave  of  knesm  strength. 
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If  it  Is  to  be  coaputed,  the  values  of  K  and  X  sust  be  known, 
(These  values  for  air,  oxygen,  nitrogen,  and  argon  can  be  found  In 
Table  7.2-1  of  Ref.  219.)  The  reference  field  need  not  always  be  the 
no-flow  case;  it  may  be  some  portion  of  the  field  whose  density  is  con¬ 
stant  and  known,  e.g.,  the  undisturbed  uniform  flow  in  front  of  a  bow 
shock  wave.  In  other  cases  the  use  of  a  white  light  gives  sufficiently 
few  fringes  to  enable  one  to  determine  the  zero-order  fringe  from  which 
the  fringes  may  be  numbered  accurately. 


m 


A  visualization  or  a  plot  of  constant-density  contours  may 
easily  be  obtained  by  superimposing  the  negatives  of  flow  and  no-flow 

interferograms.  Where  the  fringes  are  180  deg  out  of  phase,  the  inter-  •  • 

section  of  two  bright  fringes  shows  up  clearly  (Fig.  5-9).  Lines  join¬ 
ing  such  points  are  lines  of  constant  density.  By  displacing  the  no¬ 
flow  negative  a  fraction  of  a  bandwidth,  a  second  set  of  contours  may 
be  obtained.  With  good  negatives  it  is  possible  to  locate  such  lines 
to  within  one-twentieth  of  a  fringe  width.  This  method  is  not  satis¬ 
factory  where  the  two  sets  of  fringes  are  nearly  parallel  or  where  they 

vary  widely  in  spacing.  • 


In  axially  symmetric  or  three-dimensional  flows  the  quantita¬ 
tive  analysis  is  more  difficult  because  the  density  changes  must  be  in¬ 
tegrated  across  a  ray.  This  is  a  tedious  and  time  consuming  procedure, 
requiring  a  great  deal  of  computation.  Tables  and  graphs  for  use  in 
these  computations  may  be  found  in  Ref.  220. 

5. 3. 4.1  Accuracy  of  Density  Calculations 

Precision  methods  and  a  good  optical  system  allow  displace¬ 
ments  in  an  interferogram  to  be  read  to  0.1  fringe  width.  Using  this 
value  and  a  constant  reference  density,  Eq.  5-10  can  be  utilized  to 
obtain 


3/3  -  0.1  X 

p  ■ 


(5-11) 


Since  X,  K,  and  L  will  be  either  constant  or  relatively  constant,  the 
accuracy  in  density  measurements  will  depend  on  the  density  itself. 

For  low  supersonic  flow  from  atmospheric  temperature  and  pressure  the 
error  may  be  a  few  per  cent;  at  M  ~  6  it  will  be  A0%,  This  latter 
value  will  be  rapidly  reduced  as  the  stagnation  temperature  and  pres¬ 
sure  are  increased.  The  accuracy  is  also  dependent  on  the  density 
variation  in  the  field.  At  Mach  number  4,  the  determination  of  den¬ 
sity  gradient  through  a  normal  shock  is  four  times  as  accurate  as  that 
through  the  bow  shock  on  a  wedge  of  10-deg  half-angle  (Ref.  151), 

Where  the  density  gradient  is  high,  the  path  of  the  rays  is  curved,  the 
deviation  from  the  straight  path  being  a  function  of  the  distance,  L, 
which  the  light  traverses  and  of  the  density  gradient  along  the  path. 
This  introduces  an  upper  limit  on  the  useful  test-section  width. 

DeFrate  (Ref.  153),  who  studied  a  boundary  layer  in  an  8-in.  wide  tun¬ 
nel,  finds  that  the  products  of  maximum  density  gradient  in  the  boundary 

layer  and  tunnel  width  (L  dp/dy)  should  not  exceed  about  1,5  Ib/ft^. 

If  this  product  is  exceeded,  the  interference  bands  become  indistin¬ 
guishable  in  the  region  of  high  density  gradient.  Thus,  there  is  an 
optimum  tunnel  width  for  a  given  density  gradient.  If  the  tunnel  is 
narrower  than  this  optimum,  the  accuracy  decreases;  if  the  tunnel  is 
larger,  the  bands  cannot  be  seen  in  the  region  of  high  density  gradient. 


•  •  • 


•  •  • 
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The  aoBt  besic  problea  in  deteraining  the  accuracy  of  aea- 
sureaeats  Is  that  the  fringe  dlsplaceaent  gives  the  Integrated  value 
of  an  unknoen  distribution  of  densities  along  the  light  path.  This  is 
aoat  particularly  a  problea  when  the  boundary  layer  on  the  vindoes  is 
relatively  thick  coapared  vith  the  distance  across  the  test  section. 


5.3.5  Interferoaetric  Photography 


Since  the  Integrated  density  change  across  the  test  section 
is  deterained  froa  an  Interferograa,  the  full  depth  of  the  test  section 
Bust  be  in  focus  on  the  fils.  The  relationship  thnt  any  be  derived 
(Ref.  1)  betveen  the  paraaeters  Involved  is 


d 


c 


(5-12) 


where,  as  before, 

d  =  diaaeter  of  circle  of  confusion 
c 

v  =  diaenslon  of  light  source 

fj  =  focal  length  of  colliaating  lens 

=  diaaeter  of  iaage  of  field  on  screen 

D  =  diaaeter  of  field 
o 

L  =  depth  of  test  section 


For  a  liaiting  value  of  the  circle  of  confusion  and  for  any  test  sec¬ 
tion,  the  paraneter  oust  be  adjusted  such  that  all  density  changes 

*1 

across  the  test  section  will  be  represented  in  the  iaage  on  the  screen. 
This  effect  is  shown  in  Fig.  5-10. 

While  the  relative  sharpness  of  the  iaage  is  not  affected  by 
the  iaage  size,  the  light  intensity  on  the  fila  and  the  ratio  of  eaul- 
sion  grain  size  to  iaage  size  are  strongly  dependent  upon  the  iaage 
size.  A  choice  of  saaller  iaage  size  peraits  correct  exposure  of  a 
lower-speed  fila,  but  at  the  saae  tiae  the  effects  due  to  eaulsion 
graininess  and  resolving  power  becoae  greater  and  way  overshadow  those 
due  to  lack  of  depth  of  field.  In  general,  slower  speed  filas  have 
saaller  grain  and  greater  resolving  power. 

A  satisfactory  eaulsion  aust  have  a  suitable  coabination  of 
speed  (actual  speed  will  depend  upon  the  spectrua  eaitted  by  the  source) 
and  resolving  power.  The  choice  of  eaulsion  and  developer  should  re¬ 
sult  in  an  iaage  of  high  contrast,  since  the  center  of  the  bands  is  aore 
sharply  defined  in  a  high-contrast  eaulsion.  Plates  should  be  used  to 
ellainate  distortion  during  developing. 

As  shown  in  Eq.  5-12  a  saall  w/f^  ratio  should  be  eaployed 
(using  either  a  saall  source  or  a  long  focal-length  colliaating  lens). 


Flow  Visualization 


5.4 


Also,  the  image  projected  on  the  screen  should  be  large  enough  for  easy 
viewing.  Analysis  indicates  that  the  fast  emulsion  required  for  a 
large  picture  gives  a  sharper  picture  than  does  a  slow  emulsion,  even 
if  the  image  size  is  reduced  and  the  source  is  increased  to  give  the 
corresponding  optimum  conditions. 


5.3.6  Applications  of  Interferometry 

The  interferometer  has  been  used  successfully  for  the  study 
of  axially  symmetric,  supersonic  air  jets  and  the  flow  which  surrounds 
objects  in  the  air  jets  whose  properties  are  known.  Some  of  this  work 
is  described  in  Refs.  220  to  223.  Interferometry  has  been  utilized  to 
investigate  the  simpler  two-dimensional  flow  of  the  usual  form  of  wind 
tunnel  and  has  proved  particularly  invaluable  in  boundary- layer  investi¬ 
gations  (see  Refs.  153,  and  224  to  228).  The  flow  around  free-flight 
projectiles  in  both  pressurized  and  unpressurized  ranges  has  been 
studied  by  means  of  both  the  interferometer  and  the  shadowgraph  method 
(Refs.  229,  230,  and  231).  The  Mach  Zehnder  interferometer  (Refs.  232 
to  235)  has  been  successfully  applied  to  shock-tube  studies. 


5.4  Electrical  Discharge  and  Afterglow  Methods  of  Flow 

Visualizat ion 


In  the  field  of  rarefied  gas  dynamics,  the  conventional  flow 
visualization  techniques  which  utilize  the  density  dependence  of  the 
refractive  index  of  the  gas  are  inadequate.  Although  these  techniques 
have  been  refined  such  that  extremely  small  differences  in  gas  density 
can  be  detected,  they  are  generally  inadequate  at  pressures  below  a  few 
millimeters  of  mercury. 

The  staff  at  the  University  of  California’s  low-density  super¬ 
sonic  wind  tunnel  has  been  the  leading  contributor  to  the  development 
of  the  glow  flow-visualization  technique  in  the  0.1-mm  Hg  free-stream 
pressure  range.  Specific  details  of  this  technique,  which  is  highly 
specialized,  can  be  found  in  Refs.  151  and  236.  Only  a  brief  descrip¬ 
tion,  with  some  of  the  limitations,  is  given  here. 

Two  distinct  phenomena  lend  themselves  to  this  technique. 

The  first  is  the  relatively  strong  absorption  by  molecular  oxygen  of 
ultra-violet  light  whose  wave  length  is  approximately  1400  Angstrom 
units.  The  noticeable  attenuation  of  a  monochromatic  light  beam  of 
1470  Angstroms  (from  a  xenon  lamp)  by  a  few  inches  of  path  length  of 
air  at  a  pressure  of  0..  1  mm  Hg  has  been  shown  to  be  feasible  and  is  de¬ 
scribed  in  detail  in  Ref,  237,  The  second  phenomenon  is  the  emission  of 
light  accompanying  certain  gaseous  reactions,  particularly  those  involv¬ 
ing  oxygen  and  nitrogen  under  suitable  conditions  and  those  involving 
argon  or  helium  under  a  somewhat  more  limited  range  of  conditions.  The 
intensity  of  such  emission  at  a  gas  pressure  of  0.1  mm  Hg  and  a  thick¬ 
ness  of  one  inch  can  be  sufficient  to  be  clearly  visible  to  the  dark- 
adapted  eye.  Application  of  this  second  phenomenon  is  discussed  below. 

Somewhere  upstream  of  the  point  where  the  flow  is  to  be  visua¬ 
lized,  the  working  medium  (dry  air,  nitrogen,  helium,  or  argon)  is  passed 
through  an  excitation  region  where  an  electrical  discharge  is  maintained. 
In  principle,  any  type  of  discharge  can  be  used.  However,  it  should  be 
noted  that  higher  power  does  not  always  result  in  a  higher  yield  of 
afterglow.  The  optimum  electrical  conditions  vary  with  dynamic  condi¬ 
tions  of  the  fluid. 
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A  wind  tunnel  operating  at  0.1-mm  Hg  test-section  pressure 
■ust  have  a  Jet  diameter  of  at  least  several  inches.  Otherwise  the 
length  of  the  mean  free  path  (and  hence,  the  boundary- layer  thickness) 
is  so  large  that  the  edge  effects  tend  to  distort  the  free-stream 
phenomena. 


The  system  in  use  at  the  University  of  California  is  shown 
in  Fig.  5-11.  A  high-frequency  electrodeless  discharge  in  a  6-in.  di¬ 
ameter  glass  pipe  was  found  most  suitable  for  stagnation  chamber  pres¬ 
sures  up  to  10  mm  Hg  and  flow  rates  of  0.2  to  15  g/sec  up  to  Mach  3, 
with  lower  flow  rates  up  to  Mach  4.  For  higher  stagnation  pressures, 
a  pulsed  condenser  discharge  with  water-cooled  electrodes  was  employed. 
Steady  a-c  or  d-c  discharges  using  metal  electrodes  in  the  stagnation 
chamber  proved  too  erratic  and  less  efficient.  Even  if  an  intense  con¬ 
densed  discharge  were  used  close  to  the  nozzle  throat,  it  is  doubtful 
that  the  glow  flow-visualization  would  be  effective  at  flows  beyond 
Mach  5  or  6  and  static  pressures  near  0.1  mm  Hg.  At  much  lower  static 
pressures  the  Mach  number  range  may  be  extended  somewhat. 


At  Mach  4  an  adequate  Intensity  was  obtained  only  by  addition 
of  nitric  oxide  gas  to  the  excited  air  stream  immediately  upstream  of 
the  nozzle  entrance  (frequently  referred  to  as  an  enriched  air  after¬ 
glow)  .  A  sample  photograph  of  typical  results  obtainable  with  this 
technique  is  shown  in  Fig.  5-12^ 


At  test-section  densities  corresponding  to  test-section  pres¬ 
sures  above  1  mm  Hg  and  relatively  low  Mach  numbers,  the  purely  optical 
techniques  discussed  earlier  are  considered  superior. 


When  electrical  sparks  are  being  discharged  within  an  airflow 
at  a  sufficiently  high  repetition  rate  (some  thousands  per  second)  they 
usually  follow  the  same  ionized  path  established  by  the  first  spark  of 
a  series.  This  ionized  path  is  carried  along  with  the  flow.  When  photo¬ 
graphed,  the  sparks  appear  in  a  pattern  from  which  conclusions  can  be 
drawn  concerning  the  magnitude  of  the  velocities  at  corresponding 
points.  The  velocities  can  be  calculated  by  dividing  the  measured  spa¬ 
tial  distance  on  the  photographs  by  the  electronically  known  time  inter¬ 
val  of  two  succeeding  sparks. 


This  principle  has  been  verified  by  experiment  only  at  low 
speeds  (Ref.  238),  and  more  experimentation  is  required  before  definite 
conclusions  can  be  reached  concerning  its  application  to  quantitative 
routine  measurements  in  wind  tunnels. 


Other  spectral  absorption  and  X-ray  techniques  are  discussed 
in  Ref.  151. 

5.5  Vapor  Screen  Method  of  Flow  Visualization 


Some  of  the  earliest  developmental  work  on  the  vapor-screen 
flow  visualization  technique  was  done  at  NACA  and  subsequently  adapted 
to  the  OAL  supersonic  wind  tunnel  (Ref.  91).  The  material  appearing  in 
this  subsection  is  derived  from  the  work  done  at  the  latter  facility. 


The  vapor-screen  technique  of  flow  visualization  requires  an 
intense  source  of  light  that  is  completely  shielded  except  for  a  slit 
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which  allows  a  narrow  beam  of  light  to  pass  across  the  test  section 
and  a  moisture- laden  airstream.  When  the  moisture  is  added  to  the  air¬ 
flow,  minute  droplets  of  water  condense  as  the  air  passes  through  the 
test  section.  This  fog  of  condensed  water  vapor  disperses  the  light 
passing  across  the  test  section,  thus  producing  a  white  screen.  Ini¬ 
tially  the  screen  is  transparent,  with  low  relative  moisture  content, 
but  it  becomes  more  opaque  as  the  moisture  content  is  increased.  (How¬ 
ever,  the  moisture  content  should  not  be  increased  to  such  an  extent 
that  the  flow  characteristics  are  appreciably  affected.)  Disturbances 
in  the  air  stream,  such  as  a  vortex,  are  made  visible  by  upsetting  the 
uniform  distribution  of  the  water  droplets,  thus  producing  light  and 
dark  areas  on  the  vapor  screen  as  shown  in  Fig.  5-13.  A  reduction  in 
the  number  of  water  droplets  thins  the  vapor  screen  and  appears  black, 
while  a  concentration  of  water  droplets  intensifies  the  white  areas. 

The  apparatus  for  making  vapor  screen  observations  and  photo¬ 
graphs  is  shown  schematically  in  Figs.  5-14  and  5-15.  The  periscope 
shown  in  Fig.  5-15  utilizes  a  right-triangular  prism  whose  45-deg  surface 
is  silvered.  The  prism  is  mounted  in  an  aluminum  alloy  box  and  its  ex¬ 
posed  face  is  covered  with  a  sheet  of  Herculite  plate  glass  to  resist 
erosion.  The  periscope  is  mounted  in  the  wind-tunnel  diffuser  wall  so 
that  the  vapor  screen  can  be  photographed  from  downstream  of  the  model. 


m 


During  the  early  work  at  NACA,  a  16-mm  motion-picture  gun 
camera  having  an  f  2.5  wide-angle  (Morton  Widar)  lens  looking  upstream 
was  fastened  to  the  sting  support  aft  of  the  model.  The  camera  was 
operated  at  the  low  camera  speed  of  4  frames/sec,  which  was  obtained 
by  varying  the  voltage  to  the  electric-motor  camera  drive.  However, 
even  with  five  GE  BH-6  lamps  (operating  on  a-c)  placed  right  against 
the  wind-tunnel  window  in  a  vertical  line  behind  a  slit,  it  was  neces¬ 
sary  to  use  "shellburst"  film  (Weston  blue-sky  rating  200,  white-sky  160 
to  obtain  sufficient  exposure. 


To  prevent  excessive  erosion  of  the  camera  lens,  the  air  flow¬ 
ing  through  the  test  section  must  be  free  of  contamination.  If  contam¬ 
ination  exists,  the  periscope  approach  shown  in  Fig.  5-15  should  be  used. 

5.5.1  Light  Sources  for  Vapor  Screen  ® 

Two  intensely  brilliant  light  sources  have  been  developed  for 
the  purpose  of  making  visual  observations  of  vortices,  wakes,  and  shock 
waves  in  a  flow  field  of  moderately  high  dew  point.  In  each  unit,  the 
light  is  emitted  uniformly  from  a  narrow  slit  in  a  completely  shielded 

box.  The  large  light  source  shown  in  Fig.  5-16  contains  three  GE  BH-6  • 

mercury-vapor  lamps.  A  number  of  plane  mirrors  are  used  behind  the 

light  source  to  Increase  the  intensity  of  illumination  and  to  give  a 

uniform  light  distribution.  The  slit  is  approximately  30-in  high,  so 

that  the  entire  cross-section  of  the  tunnel  can  be  illuminated.  The 

slit  width  is  variable  from  0  to  1-13/16  in.;  however,  the  best  flow 

field  definition  has  been  obtained  with  a  1/8-in.  slit.  Since  the  light 

is  not  parallel,  the  thickness  of  the  light  screen  at  the  tunnel  center-  • 

line  is  about  twice  the  slit  width  set  on  the  box.  In  normal  use,  the 
light  screen  is  perpendicular  to  the  direction  of  flow,  but  it  has  also 
been  used  successfully  when  horizontal  or  parallel  to  the  flow. 

The  portable  light  source  shown  in  Fig.  5-17  contains  one  GE 
BH-6  mercury  lamp  and  employs  a  shroud  of  6-1/2-in,  diameter  and  18-in.  _ 
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length  that  weighs  approximately  9  lb.  The  slit  width  is  variable  from 
0  to  1/4  in.  The  unit  can  be  used  for  exploratory  surveys  and  for  get¬ 
ting  angle  views  through  the  top  and  bottom  windows  as  well  as  the  side 
windows  of  the  test  section. 


5.5.2 


Dew  Point  for  Vapor  Screen 


The  amount  of  moisture  required  for  good  vapor  screen  visua¬ 
lization  is  not  very  critical.  The  following  values  of  dew  point  are 
given  as  the  approximate  range  for  which  good  vapor-screen  images  have 
been  obtained  in  the  OAL  tunnel,  which  operates  at  a  stagnation  tempera¬ 
ture  of  150“F. 


Mach  Number 


Dew-Point  Range 
(  °F,  1  atm) 

40  to  50 
29  to  40 
21  to  33 


The  vapor  screen  flow  visualization  technique  has  proved  to 
be  of  great  value  for  certain  types  of  qualitative  wind-tunnel  studies 
(Ref.  239) . 

5.6  Visualization  of  Boundary-Layer  Transition 


Various  methods  (Ref.  64)  are  available  for  determining  the 
velocity  distribution  in  the  boundary  layer.  In  many  experimental  ap¬ 
plications,  however,  it  is  necessary  to  know  the  nature  of  the  boundary 
layer,  the  position  of  transition  from  the  laminar  to  turbulent  state, 
and  the  location  of  separation  if  this  takes  place.  This  is  particu¬ 
larly  true  for  evaluating  drag  forces  on  scale  models  in  the  wind  tun¬ 
nel  (see  Subsec.  3. 3. 1.2).  A  number  of  valuable  methods  have  been  de¬ 
veloped.  A  general  review  of  early  work  is  given  in  Ref.  240. 
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The  use  of  a  smoke  filament  is  suitable  only  for  speeds  below 
about  200  fps.  Although  the  conventional  optical  techniques  (Sub¬ 
secs.  5.1,  5.2,  and  5.3)  may  be  used  for  some  boundary-layer  charac¬ 
teristics,  the  three  most  practical  techniques  for  this  purpose  are 
the  china-clay,  luminescent  lacquer,  and  azobenzene  techniques. 

5.6.1  Optical  Methods  of  Showing  Boundary-Layer  Transit  ion 

The  use  of  photographs  to  study  boundary- layer  transition  on 
axially  symmetric,  three-dimensional  models,  though  simple  and  conven¬ 
ient,  is  limited  to  the  phenomena  on  the  upper  and  lower  model  surface 
only.  The  advantage  of  the  shadowgraph  and  schlieren  systems  is  that 
the  absence  of  instrumentation  in  the  proximity  of  the  transition  re¬ 
gion  eliminates  the  possibility  of  induced  interference.  In  addition, 
a  time  history  of  transition-point  fluctuation  may  readily  be  estab¬ 
lished  by  taking  an  appropriate  number  of  short-duration  spark  photographs. 

Three  types  of  photographs  are  used  to  determine  transition  in 
model  boundary  layers.  These  are  shadowgraph,  conventional  black-and- 
white  schlieren,  and  colored  schlieren,  A  colored  schlieren  photograph 
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can  be  obtained  vith  a  staple  aodlflcatlon  of  the  conventional  schlieren 
systea  (Subeec.  5.2. 4).  Proper  adjustaent  of  such  a  systea  results  in 
a  photograph  that  plainly  shows  a  difference  in  color  between  a  laainar 
and  turbulent  boundary  layer.  Much  better  color  contrast  is  obtained 
if  the  negative  is  viewed  directly  through  a  aagnifying  lens.  One 
schlieren  light  source  used  is  a  1000-w  aercury  arc  (GE  BB-6)  with  a 
total  spark  duration  of  4  iisec.  Peak  light  intensity  is  reached  in  a 
soaewhat  shorter  tiae. 

The  best  definition  in  the  aodel  boundary  layer  by  optical 
aeans  has  been  obtained  froa  spark  shadowgraphs  with  the  spark  source 
located  in  front  of  a  test-section  window  and  the  fila  placed  against 
the  opposite  window.  In  routine  applications  the  light  source  is  posi¬ 
tioned  on  a  peraanent  aount  and  its  light  is  directed  to  a  parabolic 
airror  which  reflects  colliaated  light  through  the  tunnel  test  section. 
The  resulting  shadowgraphs  show  the  aajor  disturbances  existing  in  the 
air  streaa. 


The  shadowgraph  light  source  is  coaprised  of  a  conventional 
Libessart  high-pressure  gap  (0.125  in.)  powered  by  a  Sprague  Vitaain-Q 
condenser  rated  at  0.3  pf  at  15,000  v.  An  adequate  measure  of  the 
light  duration  has  not  been  obtained  with  this  light  source. 

5.6.2  China  Clay  Method  of  Showing  Boundary- Layer  Transition 


When  this  procedure  is  utilized,  the  surface  under  investiga¬ 
tion  is  given  an  over-all  coating  with  china  clay  (kaolin),  a  crystal¬ 
line  solid  having  a  refractive  index  of  1.56  and  a  white  appearance 
when  dry  (Ref.  64).  The  china  clay  deposit  is  then  sprayed  with  a  vola¬ 
tile  liquid  of  approxiaately  the  sane  refractive  index,  so  that  the  re¬ 
sultant  deposit  becoaes  transparent.  Because  the  rate  of  evaporation 
is  greater  in  the  turbulent  region  than  in  the  laainar  region  of  the 
boundary  layer,  the  white  deposit  of  dry  china  clay  appears  first  be¬ 
hind  the  transition  point. 


The  china  clay  is  best  applied  by  spraying,  as  a  suspension 
In  soae  liquid.  A  suitable  suspension  Is  foraed  by  diluting  100  al  of 
colorless  Frigilene  with  100  al  of  butyl  acetate,  100  al  of  butyl  alco¬ 
hol,  and  50  al  of  xylene  and  then  wet-grinding  with  100  g  of  china  clay 
until  the  aixture  is  saooth.  The  aixture  should  then  be  transferred  to 
a  bottle,  thoroughly  shaken  and  allowed  to  stand  so  that  large  undis¬ 
persed  aggloaerates  nay  separate.  After  deposition  (about  10^  of  the 
original  weight  of  clay  usually  separates)  the  supernatant  solution 
should  be  poured  off.  When  the  solution  dries,  the  lacquer  can  be 
rubbed  down  with  fine  eaery  paper  to  reaove  any  irregularities  which 
aay  be  present.  The  size  of  the  china  clay  particles  should  be  very 
saall  in  order  to  achieve  a  sufficiently  saooth  surface.  The  volatile 
liquid  of  "developer"  that  is  chosen  aust  be  such  that  the  indication 
of  transition  is  produced  in  a  reasonable  tine  under  the  test  conditions. 
On  the  other  hand,  the  indication  aust  not  be  too  rapid,  or  spurious  ef¬ 
fects  aay  occur  b^ause  of  aoveaents  of  the  transition  point  during  the 
period  in  which  the  tunnel  is  brought  up  to  speed.  Some  suitable  vola¬ 
tile  oils  are  compared  on  the  following  page.  It  nay  be  seen  that  be¬ 
cause  of  their  relatively  high  boiling  points  and  rapid  rates  of  evapora¬ 
tion,  Iso-safrole  and  Eugenol  are  usually  selected  for  supersonic  testing 
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Liquid 

Boiling 
Point  (*C) 

Refractive 

Index 

Relative  Rate 
of  Evaporation 

Ethyl  Benzoate 

213 

1.506 

1.0 

Methyl  Salicylate 
(Oil  of  Wintergreen) 

223 

1.538 

1.1 

Ethyl  Salicylate 

231.5 

1.523 

2.1 

Safrole 

231 

1.538 

2.3 

Iso-saf role 

252 

1.578 

5.4 

Eugenol 

254 

1.544 

about  14 

D 


After  use,  the  china  clay  deposit  may  be  re-sprayed  with  the 
developer  in  preparation  for  another  run.  The  china  clay  remains  perma¬ 
nently  on  the  surface  throughout  a  whole  series  of  tests.  After  some 
time,  however,  the  deposit  may  erode  around  the  leading  edges;  if  the 
transition  is  to  be  indicated  here,  the  deposit  may  have  to  be  replaced 
periodically.  On  large  models  it  is  usually  possible  to  prevent  the 
blockage  of  surface  pressure  holes  during  spraying. 

The  china  clay  technique  is  difficult  to  accomplish  in  prac¬ 
tice  if  the  time  required  to  install  the  model  and  start  the  tunnel  is 
excessive  (order  of  several  minutes)  or  if  the  operating  stagnation 
temperature  is  high  (order  of  150“f) . 
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Liquid-Film  Methods  of  Visualizing  Boundary-Layer  Transition 


A  liquid  film  (Ref.  64)  is  easier  to  apply  than  the  china 
clay  but  gives  much  less  contrast  in  the  indication.  Nevertheless,  the 
indication  is  clearly  visible  to  the  eye  without  special  lighting  ar¬ 
rangements.  Visualization  is  made  clear  if  the  surface  is  dusted  with 
french  chalk  after  the  indication  is  complete. 

For  this  method  a  volatile  oil  is  applied  evenly  to  the  sur¬ 
face  with  a  spray  or  swab.  During  the  run  this  oil  film  evaporates 
more  rapidly  in  the  turbulent  region  than  in  the  laminar  region  of  the 
boundary  layer,  so  that  the  film  soon  disappears  behind  the  transition 
front.  Very  thin  films  may  be  used  so  that  the  surface  roughness  is 
neither  increased  or  reduced  (in  some  cases  the  china  clay  deposit  may 
affect  the  surface  roughness).  The  best  contrast  is  obtained  if  the 
surface  of  the  model  is  painted  black  before  the  experiment.  (Care 
must  be  taken  that  the  paint  does  not  dissolve  in  the  liquid  used  for 
transition  indication.)  Surface  pressure  holes  are  free  as  soon  as  the 
liquid  film  has  evaporated.  This  method,  with  a  suitable  liquid,  has 
been  used  up  to  high  Mach  numbers. 

Another  technique  of  this  same  type  which  has  been  used  suc¬ 
cessfully  in  supersonic  wind  tunnels  with  ambient  stagnation  tempera¬ 
tures  involves  the  use  of  a  thin  coating  of  luminescent  lacquer.  The 
critical  requirement  for  successful  operation  with  this  medium  is  a 
very  uniform  coating  over  the  entire  specimen.  For  three-dimensional 
bodies  this  can  be  accomplished  by  turning  the  model  in  a  lathe  at  a 
reasonably  high  rate  while  making  one  smooth  pass  with  a  spray  gun  set 
for  a  fine  mist.  Best  visual  effects  are  obtained  by  bathing  the  model 
with  ultraviolet  light  and  photographing  with  a  red  filter  over  the 
camera  lens. 
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A  third  technique  depends  on  the  different  rates  of  subllui- 
tion  of  a  solid  deposit  from  the  surface  in  the  laminar  and  turbulent 
regions  of  the  boundary  layer,  the  increased  rate  of  diffusion  in  the 
turbulent  layer  leading  to  a  more  rapid  rate  of  sublimation.  The  solid 
is  dissolved  in  some  convenient  liquid  and  applied  to  the  surface  by 
spraying.  The  solvent  is  then  allowed  to  evaporate  from  the  surface 
before  the  experiment  is  begun.  Suitable  solid  substances  are  camphor, 
borneol,  and  azobenzene;  and  suitable  solvents  are  benzene,  xylene, 
and  acetone. 


Azobenzene,  a  sublimating  solid,  was  first  used  by  the  British 
in  1945  and  later  extended  to  free-flight  and  supersonic  wind-tunnel 
applications.  This  material  appears  to  be  the  most  suitable  for  the 
supply  temperature  and  pressure  range  of  contemporary  continuous-flow 
supersonic  wind  tunnels. 

An  experimental  program  was  run  at  JPL  to  determine  if  the 
azobenzene  affected  the  boundary  layer  and  indicated  transition,  and 
what  controlling  parameters  govern  the  time  factor  for  indication  of 
transition.  The  results  indicated  in  all  cases  that  the  azobenzene 
does  not  affect  boundary- layer  transition.  Azobenzene  is  dissolved  in 
a  carrier  of  acetone  (requiring  a  ventilation  system  to  draw  off  the 
fumes  when  spraying).  Even  when  laid  on  heavily,  it  quickly  erodes  to 
a  smooth  coating,  and  the  pattern  which  finally  develops  is  the  same 
as  that  for  the  smoothest,  thinnest  coating. 

Previous  testing  of  instrumented  flat  plates  at  JPL  showed 
that  transition  denoted  by  a  schlieren  photograph  corresponded  approxi¬ 
mately  to  the  first  peak  of  the  thermocouple  reading.  Using  this  defi¬ 
nition  it  was  observed  at  three  Mach  numbers  that  the  azobenzene  does 

Indicate  properly  the  pattern  of  boundary- layer  transition. 

The  tests  at  JPL  showed  that  Mach  number  and  pressure  level 
had  a  relatively  minor  effect  on  pattern  development  time  compared  to 
the  effect  of  tunnel  stagnation  temperature.  The  strong  dependence  on 
tunnel  temperature  was  determined.  As  a  fully  operational  technique 
the  tunnel  stagnation  temperature  must  be  ISO^F  or  warmer.  There  is  a 
factor  of  5  to  10  in  the  sublimation  time  required  for  a  laminar  bound¬ 
ary  layer  as  opposed  to  that  for  a  turbulent  boundary  layer.  At  this 

temperature  the  pattern  develops  in  5  or  10  min  (50  to  120  min  at  TO^F) 
and  will  remain  unchanged  for  30  min  or  more  in  the  airstream.  There¬ 
fore,  it  is  unnecessary  to  stop  the  flow  at  a  precise  time  in  order  to 
photograph  the  pattern  quickly.  The  models  can  be  removed  from  the  tun¬ 
nel  for  photographing.  A  general  procedure  at  JPL  is  to  mount  the  model 
on  a  remotely-rolled  sting,  which  simplifies  the  complete  spraying  job 
and  allows  the  model  to  be  photographed  from  all  sides  with  a  single 
camera  in  both  color  and  black  and  white,  using  a  red  filter. 

The  azobenzene  technique  was  also  adapted  to  the  OAL  super¬ 
sonic  wind  tunnel  (ISO^F  stagnation  temperature).  At  this  facility 
the  azobenzene  acetone  mixture,  9  parts  by  weight  acetone  to  1  part 
azobenzene,  was  applied  with  a  conventional  paint  spray  gun.  The  ace¬ 
tone,  used  as  a  carrying  agent,  was  complex '?ly  evaporated  before  the 
azobenzene  mist  reached  the  model.  Prior  to  spraying,  the  model  was 
cleaned  with  acetone  to  remove  oil  and  dust.  Better  photographic  re¬ 
sults  were  obtained  with  a  darkened  model,  i.e.,  gun  metal  blueing  on 
steel  models  and  blue  Dykem  sprayed  evenly  on  aluminum  models.  (if  the 
sprayed  surface  appears  extremely  lumpy,  the  mixture  has  been  sprayed 
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OB  too  thick;  it  the  aetBl  is  visible,  the  cost  is  too  thin.  Best  re¬ 
sults  were  obtained  when  the  spray  gun  was  uoved  sloarly  back  and  forth 
for  an  even  coat  approziaately  four  to  eight  inches  froa  the  aodel. 
Acetone  was  used  to  clean  the  spray  nozzle  when  it  becaae  clogged.) 

Good  photographic  results  were  obtained  with  a  4  X  5  Speed  Graphic 
caaera  and  an  "A”  red  filter  with  black-and-white  fila  or  with  Bkta- 
chroae  color  fila  without  a  filter.  Regions  of  laainar  boundary  layer 
will  be  indicated  by  a  white  or  light  color  in  black-and-white  photos 
and  by  a  yellowish-brown  color  in  color  fila.  Superior  prints  resulted 
when  the  aodel  was  photographed  in  a  booth  lighted  by  a  diffused  light 
source  rather  than  in  the  wind  tunnel  with  the  window  reaoved. 


The  subliaating  solid  sethod  of  flow  visualization  using  azo¬ 
benzene  proved  to  be  the  best  and  aost  practical  aethod  of  boundary- 
layer  transition  deteraination  yet  encountered  in  supersonic  flow. 
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Fig.  5-16 


Source:  OAL 


Fig.  5-16.  Light  source  with  inspection  door  open. 
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6.  Turbulence 

The  relative  nagnitude  of  velocity  fluctuations  is  an  Impor¬ 
tant  variable  In  wind-tunnel  measurements.  It  determines  the  degree 
to  which  measurements  performed  on  a  model  may  be  applied  to  the  full- 
scale  structure  as  well  as  bow  the  measurements  on  similar  models  In 
different  tunnels  can  be  compared. 


The  degree  or  Intensity  of  turbulence  is  defined  as 


where 


(6-1) 


u,  V,  and  w  -  turbulent  velocities  in  the  three  coordinate 
directions 


U  -  free-stream  velocity 


In  Isotropic  turbulence  the  mean  velocity  fluctuations  are  equal  to  one 
another,  and  the  Intensity  is  given  by 


m 


or 


u’ 


U 


A  second  characteristic  of  turbulence  is  the  magnitude  of  the 
eddies,  known  as  the  scale  of  turbulence.  The  characteristic  length,  L, 
of  the  turbulent  eddies  may  be  calculated  from 


00 


where  subscripts  1  and  2  denote  values  taken  at  points  1  and  2,  dis¬ 
tance  y  apart. 


6.1  Effect  of  Turbulence  on  Wind-Tunnel  Measurements 


To  the  wind-tunnel  operator  the  most  significant  feature  of 
turbulence  is  its  effect  on  the  boundary  layer.  The  Reynolds  number 
at  which  transition  occurs  is  directly  related  to  the  intensity  of  tur¬ 
bulence.  But  the  stability  derivatives  of  simple  flight  vehicles  for¬ 
tunately  are  virtually  insensitive  to  the  intensity  of  wind-tunnel  tur¬ 
bulence  and  to  moderate  changes  in  Reynolds  number.  An  example  of  this 
insensitivity  is  shown  in  Fig.  6-1,  which  gives  the  stability  charac¬ 
teristics  measured  at  two  distinct  turbulence  levels.  In  each  case  the 

e 

Reynolds  number  of  the  free  stream  is  6.6  X  lOyft  of  characteristic 


•  • 


•  •  • 


•  • 
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length,  but  the  transition  Beynolds  nwber  is  approsieately  1.45  x  10^ 

a 

for  one  case  and  3.8  x  10  for  the  other  (see  Fig.  6-3).  On  the  other 
band,  the  state  of  the  boundary  layer  esy  hare  significant  effect  on 
the  skin  friction  drag  of  a  configuration.  It  also  affects  the  wake 
flow  and,  consequently,  the  base  drag.  Turbulence  and  boundary- layer 
transition  are  closely  allied  to  flow  separatitm,  and  therefore  the 
change  in  location  of  separated  regions  nay  hare  appreciable  effect  on 
control  surfaces.  Figure  6-1  coiqiares  the  axial  force  for  a  typical 
cruciform  nlsslle  configuration  ueasured  at  the  sane  two  turbulence 
intensities  noted  above  and  shows  clearly  the  effect  of  turbulence. 

The  axial  force  coefficient,  C^,  of  a  sinple  vehicle  with 

control  surfaces  at  zero  angle  of  attack  is  in  general  nearly  independ¬ 
ent  of  angle  of  attack.  (Figure  6-1  is  a  typical  exanple  of  the  aag- 
nitude  of  the  dependence.)  It  should  be  noted,  however,  that  Fig,  6-2 
( from  Ref.  125)  shows  to  be  strongly  dependent  on  angle  of  attack. 

In  this  latter  case,  optical  techniques  (see  Subsec.  5.6)  indicated 
that  boundary- layer  transition  occurred  about  one  body  diameter  from 
the  model  base  at  zero  angle  of  attack.  Agreement  between  axial-force 
measurement  and  calculated  drag  with  laminar  skin-friction  confirmed 
this  observation.  At  2-deg  angle  of  attack  it  was  established  that 
transition  had  moved  forward  to  about  one  diameter  from  the  model  nose. 


The  calculated  axial  force  based  on  the  observed  variation  of 
transition  point  with  angle  of  attack  is  shown  in  Fig.  6-2  as  the  dotted 
curve.  The  trend  of  the  experimental  data  agrees  with  the  calculated 
values^  In  this  test  the  change  of  transition  location  on  the  body  is 
caused  by  a  change  in  angle  of  attack.  If  the  transition  region  is 
moved  forward  by  changes  in  the  turbulent  intensity,  similar  Increases 
in  skin  friction  could  be  expected. 

6.2  Measurement  of  Turbulence 


The  purpose  of  a  great  many  wind-tunnel  tests  is  to  obtain 
data  pertaining  to  flight  vehicles.  It  is  therefore  desirable  that  the 
tunnel’s  turbulence  characteristics  should  be  equivalent  to  those  of 
the  atmosphere,  or  else  that  these  characteristics  should  be  defined 
clearly  enough  to  allow  corrections  to  be  made  to  the  data  in  order  to 
account  for  the  difference  in  the  location  of  the  boundary- layer  transi¬ 
tion.  Compared  to  the  boundary- layer  thickness,  the  scale  of  turbulence 
in  the  atmosphere  is  large  and  produces  no  appreciable  aerodynamic  ef¬ 
fects.  Hence,  its  intensity  of  turbulence  may  be  regarded  as  zero.  Al¬ 
though  wind-tunnel  values  nay  be  as  low  as  0,lfi  they  are  usually  much 
higher. 


Two  general  methods  of  measuring  turbulence  are  currently 
used.  The  first,  an  indirect  method,  is  based  upon  a  comparison  of  the 
location  of  the  transition  on  a  standard  model  tested  under  various  con¬ 
ditions  of.  turbulence.  With  the  second,  a  more  difficult  method,  the 
actual  velocity  fluctuation  is  measured  from  point  to  point. 


6.2.1  Indirect  Method  of  Measnring  Turbulence 


To  compare  the  turbulence  level  in  wind  tunnels  at  many  facili¬ 
ties,  a  standard  model,  the  IKH.  5-deg  cone,  is  tested  through  a  wide 
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range  of  Mach  and  Reynolds  nunbers.  This  20~-ln.  cone  has  a  0.002-ln. 
tip  radius,  is  polished  to  an  8-|iin.  finish,  and  is  joined  to  a  cylin¬ 
der  10  in.  long  and  1.75  in.  in  dianeter.  The  nodel  is  instrunented 
with  a  single  copper-constantan  thersocouple  to  verify  that  equilibriun 
temperature  is  obtained  before  neasuresents  are  made.  The  boundary- 
layer  transition  is  detemined  photographically. 

This  nodel  was  used  to  obtain  the  transition  Reynolds  nunber 
in  the  test  section  at  QAL,  NOL,  and  JPL.  Enough  shadowgraph  pictures 
were  taken  during  the  test  to  assure  that  a  reasonable  and  statistically 
average  value  of  transition  Reynolds  nunber  would  be  obtained.  All  of 
the  neasuresents  were  averaged  because  the  values  obtained  on  the  top 
of  the  model  did  not  always  agree  with  those  obtained  on  the  bottom. 

In  addition,  the  cone  was  tested  at  two  axial  locations  in  nost  of  the 
nozzles  to  nlniaize  the  effect  of  local  tunnel  disturbances  on  the  re¬ 
sults.  The  test  results  are  shown  in  Fig.  6-3.  From  the  curves  of 
transition  Reynolds  number  which  are  presented,  comparative  values  of 
the  turbulent  Intensity  in  the  test  section  may  be  obtained. 


An  absolute  measure  (Subsec.  6.2.2)  of  the  intensity,  u’/D, 
was  made  in  the  supply  chamber  of  the  NOL  and  JPL  tunnels,  and  the 
values  obtained  were  1.0^  and  0.3^,  respectively.  When  screens  were 
installed  in  the  supply  chamber  of  the  NOL  tunnel,  the  intensity  was 
reduced  to  0.35^.  To  determine  the  effect  of  this  reduced  value  the 
5-deg  cone  tests  were  repeated.  It  nay  be  noted  from  Fig.  6-3  that 
the  decrease  in  turbulent  intensity  in  the  supply  section  of  the  NOL 
tunnel  significantly  increases  the  transition  Reynolds  number  at  Mach 
numbers  below  three.  However,  it  nay  also  be  seen  that  for  the  two 
tunnels  whose  supply  section  turbulent  intensity  is  0.3^,  there  is  a 
wide  difference  in  transition  Reynolds  nunber,  the  difference  decreas¬ 
ing  as  the  Mach  nunber  approaches  three.  These  two  effects  suggest 
that  though  the  test-section  turbulence  is  closely  related  to  that  of 
the  supply  section,  other  factors  also  enter  into  the  relationship  (see 
Subsec.  6.3). 


•  • 


A  second  standard  cone  nodel  was  used  to  determine  the  transi¬ 
tion  Reynolds  number  in  several  of  the  NACA  tunnels.  This  model  was  a 
10-deg  cone  instrunented  with  surface  thermocouples  whose  readings  in¬ 
dicated  the  transition  region.  The  results  of  these  measurenents  are 
also  shown  in  Fig.  6-3. 

An  increase  ±n  transition  Reynolds  nueber  was  observed  in  the 
Mach  1.73  nozzle  at  QAL  when  four  damping  screens  were  installed  in  the 
supply  section  (see  Subsec.  6.3  and  Fig.  6-3). 


6.2.2 


Measurement  of  Turbulent  Velocity  Fluctuations 


Fluctuating  velocities  may  be  measured  directly  by  means  of 
a  hot-wire  anemometer  or  a  corona  anemometer.  The  advantage  with  these 
instruments  is  that  the  observations  nay  be  recorded  and  analyzed  auto¬ 
matically.  In  the  hot-wire  anemometer  the  magnitude  of  velocity  is  ob¬ 
tained  from  its  effect  upon  the  heat-transfer  characteristics  of  a 
small,  fine,  electrically  heated  wire.  In  the  corona  anemometer  the 
fluctuations  of  velocity  are  determined  as  a  measure  of  the  distribu¬ 
tion  and  path  of  ions  carried  by  the  stream. 


•  • 
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Neither  of  these  methods  has  been  used  extensively  for  deter¬ 
mining  the  turbulent  intensity  of  wind  tunnels  commonly  used  as  test 
facilities.  One  probable  reason  is  that  the  schlieren  and  shadowgraph 
photography  employed  in  nearly  all  test  programs,  in  addition  to  other 
techniques  (Subsec.  5.6),  enable  the  transition  region  on  a  model  to  be 
well  defined.  Another  reason  is  that  dirt  particles  quickly  destroy 
the  fine  wire  of  hot-wire  anemometers,  thus  prohibiting  their  use  in 
practically  all  but  special  experimental  tunnels. 


6. 2. 2.1  Hot-Wire  Anemometer 


The  hot-wire  anemometer  has  been  used  for  many  years  to  mea¬ 
sure  the  fluctuating  flow  of  gases.  The  working  element  for  this  in¬ 
strument  is  an  electrically  heated  wire  whose  temperature  varies  in 
response  to  rapid  changes  in  the  instantaneous  flow  velocity.  If  a 
constant  heating  current  is  maintained,  the  f low-velocity  fluctuations 
can  be  expressed  as  a  function  of  the  Intensity  of  the  resulting  volt¬ 
age  fluctuations.  The  voltage,  which  can  be  amplified  and  measured, 
depends  upon  the  electrical  resistance  of  the  wire,  the  resistance  is 
determined  by  the  temperature  of  the  wire,  and  the  temperature  in  turn 
is  affected  by  the  cooling  effect  of  the  alrstream.  Since  the  wire  is 
small,  the  response  to  fluctuations  in  air  velocity  is  very  rapid.  For 
average  velocities  the  time-average  voltage  across  the  hot  wire  can  be 
measured  with  a  potentiometer,  and  the  corresponding  velocity  then  ob¬ 
tained  from  a  calibration  curve.  Extremely  fine  wires  whose  diameter 
runs  from  0.00005  to  0.0005  in.  are  commonly  employed  in  order  to  re¬ 
duce  the  thermal  lag  and  thus  Improve  the  frequency-response  character¬ 
istics  of  the  sensing  element.  The  wire  should  have  a  high  temperature 
coefficient  of  resistivity  and  should  be  capable  of  prolonged  operation 
at  high  temperatures  without  oxidation  or  loss  of  mechanical  strength. 


The  hot-wire  itself  is  usually  made  of  tungsten,  platinum, 
platinum-iridium,  or  platinum-rhodium  alloys  and  is  soldered  or  welded 
at  each  end  to  supporting  needles.  Soldering  makes  a  better  electri¬ 
cal  connection  and  therefore  is  preferred,  unless  the  probe  is  to  be 
used  at  temperatures  higher  than  the  melting  point  of  the  solder.  If 
the  wire  is  to  be  soldered,  its  two  ends  must  first  be  electroplated 
with  copper.  To  prevent  it  from  sagging  when  heated  or  aerodynamically 
loaded,  the  wire  must  be  mounted  under  tension,  an  operation  that  re¬ 
quires  the  use  of  a  microscope.  Considerable  care  must  be  exercised 
to  assure  that  the  end  Joints  are  properly  tapered  and  the  central  por¬ 
tion  of  the  wire  is  not  damaged  by  the  mounting  process. 


•  • 


The  hot-wire  anemometer  utilizes  either  a  "constant  current" 
or  a  "constant  temperature"  circuit.  With  the  constant-current  circuit  9 

a  constant  heating  current  is  maintained  (usually  by  placing  a  very 
large  fixed  resistor  in  series  with  the  hot  wire)  so  that  the  voltage 
across  the  hot  wire  can  be  recorded.  The  hot  wire's  response  to  a  ve¬ 
locity  fluctuation  is  modified  by  its  own  Internal  heat  capacity,  the 
effect  of  which  increases  with  the  frequency  of  the  fluctuations.  It 
is  therefore  necessary  when  examining  velocity  fluctuations  in  the  con¬ 
stant-current  type  of  instrument  to  include  a  compensating  circuit  in  • 

the  amplifier  to  correct  automatically  for  this  Internal  heat  capacity. 

The  appropriate  setting  of  the  compensation  circuit  depends  upon  the 
operating  conditions  of  the  hot  wire  and  is  usually  determined  by  the 
"square-wave  calibration  circuit"  method.  In  this  method,  when  a  small 
square-wave  current  is  superimposed  on  the  steady  heating  current  of 
the  hot  wire,  the  amplifier  output  appearing  on  an  oscilloscope  will 
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reproduce  this  square-wave  pattern  only  when  the  ctMpensation  control 
is  correctly  set.  A  useful  frequency  range  of  100,000  cps  or  more  can 
be  achieved  in  this  way. 

The  constant  tewperature  of  the  hot  wire  in  the  second  type 
of  instrument  is  dependent  upon  a  constant  resistance  which  is  main¬ 
tained  by  a  feedback  circuit.  The  energy  input  to  the  hot  wire  is  ab¬ 
sorbed  by  the  air  stream.  Thus  the  internal  heat  capacity  of  the  hot 
wire  becomes  unimportant  since  its  temperature  is  constant;  consequently, 
this  energy  input  (proportional  to  the  square  of  the  current)  is  a  mea¬ 
sure  of  the  Instantaneous  air  velocity. 

Despite  its  theoretical  advantages,  this  constant-temperature 
system  is  subject  to  some  serious  design  limitations.  The  upper  fre¬ 
quency  limit  of  its  feedback  amplifier  must  be  more  than  twice  the  use¬ 
ful  frequency  range  of  the  Instrument.  To  match  the  performance  of  the 
best  constant-current  systems  therefore  requires  excessively  high  fre¬ 
quency  operation,  which  introduces  problems  of  stability.  Noise  levels 
are  generally  higher,  and  drift  in  the  high-gain  d-c  amplifier  must  be 
carefully  controlled.  High-capacity  power  supplies  must  be  regulated 
to  better  than  0.001^,  which  implies  obvious  expense  and  bulk.  Opera¬ 
tionally,  while  the  constant-current  system  requires  a  compensation  set, 
the  constant-temperature  system  requires  an  amplifier  null. 

The  constant-current  Instrument  has  an  additional  advantage. 
When  the  square-wave  method  has  been  used  to  set  the  compensation  cir¬ 
cuit  correctly,  the  size  of  the  square-wave  signal  at  the  amplifier 
output  (as  presented  on  an  oscilloscope,  or  measured  on  an  rms  meter) 
automatically  determines  the  proportionality  between  velocity  fluctua¬ 
tions  and  signal  output.  As  a  consequence,  quantitative  work  with 
constant-current  equipment  is  usually  easier  than  it  is  with  constant- 
temperature  equipment. 

Several  electrical  circuits  for  hot-wire  anemometers  that 
have  been  used  successfully  are  Illustrated  in  the  literature  (Refs.  241 
to  244) . 

Since  basic  equations  relating  to  the  theory  of  hot-wire  ane- 
mometry  are  readily  available  (Refs.  151,  242,  and  245),  only  the  sim¬ 
plified  final  form  will  be  given  here.  The  constant-current  hot-wire 
relationship  with  the  wire  axis  perpendicular  to  the  flow  direction  is 


g  =  D  +  F  Vu  (6-3) 


where 

R  =  mean  resistance  of  hot  wire  at  mean  temperature  of 
wire,  ohms 

R^  =  resistance  of  wire  at  adiabatic  temperature,  ohms 
U  =  local  mean  velocity  at  any  point,  fps 


D  and  F  =  constants 


e. 2.2.1 


MAVORD  Report  1488  (Vol.  6,  Sec.  20) 


Id  calibration  (l^/Rr-R^)  la  plotted  versus  /U,  giving  a 

straight  line  of  slope  F  and  Intercept  D.  A  aeasuresent  in  still  air 
together  with  one  seasuresent  at  a  known  velocity  is  theoretically 
enough  to  establish  the  line.  (The  velocity  at  the  point  under  con¬ 
sideration  Bust  be  ascertained  by  aeans  of  a  pitot-static  tube.)  Two 
or  three  additional  points  should  be  found  as  a  check. 

The  turbulence  intensity  nay  be  calculated  (Ref.  245)  fron 


^  ^  2R^  (B/G) 

“  i  F  yu  (H  -  Rj^)* 

where 


(6-4) 


u'  =  root-mean-square  velocity  fluctuation 
B  =  thermocouple  Bllllameter  reading 
G  =  amplifier  gain 
i  =  current 

The  measured  intensity,  u' /V,  may  be  corrected  for  the  effects  of  the 
scale  of  the  turbulence,  L,  by  an  interpolation  from  the  following 
values  (Ref.  246). 


1/L 

Correction  Factor 

0 

3.2 

1.000 

1.512 

For  the  length  of  wire,  f,  ordinarily  used  this  correction  is  less 
than  0.5^. 

If  the  turbulence  is  not  isotropic  it  is  necessary  to  find 
v*  and  w'  separately.  Methods  for  doing  so  are  given  in  the  references 
previously  cited. 


6. 2. 2. 2  Corona  Anemometer 


This  anemometer  employs  a  corona  discharge  as  a  source  of 
positive  ions  which  are  carried  downstream  by  the  air  flow  and  trans¬ 
ported  across  the  stream  by  the  electric  field  between  the  corona  elec¬ 
trode  and  the  outer  electrode.  Since  fluctuations  in  the  velocity 
(turbulence)  will  cause  the  point  of  arrival  of  the  ions  on  the  outer 
electrodes  to  fluctuate,  the  outer  electrodes  may  be  divided  into  seg¬ 
ments,  and  the  current  received  by  each  segment  will  be  a  measure  of 
the  turbulence.  The  notion  of  the  ions  is  also  affected  by  the  varia¬ 
tions  of  density  in  the  fluid.  A  means  exists  for  separating  the  com¬ 
ponents  of  velocity  fluctuation  parallel  and  transverse  to  the  flow, 
as  well  as  simultaneously  distinguishing  density  effects. 
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■MurareaMta  (at  the  BoBeaaunt  laboratory,  University  of 
Minnesota)  indicate  that  the  corona  anenoneter  can  be  effectively  oper¬ 
ated  for  frequency  responses  beyond  100  he  in  supersonic  flow.  Except 
for  relatively  larcn  probe  size,  the  loner  density  limit  for  operation 
of  a  corona  anenoneter  is  presently  in  the  vicinity  of  0.1  to  0.25 
tines  rooa  density.  Although  the  corona  anenoneter  has  been  sufficiently 
developed  for  many  uses,  experience  under  a  wide  range  of  operating  con¬ 
ditions  has  yet  to  be  accunulated.  Its  background  noise  in  supersonic 
flow  is  conparable  to  the  hot-wire  anenoneter,  and  for  many  purposes  its 
interpretation  is  simpler. 


6.3  Minimizing  Turbulence  Effects 


Though  all  the  causes  of  turbulence  in  a  wind  tunnel  are  not 
clearly  understood,  a  few  methods  of  decreasing  it  have  been  found. 

The  best  known  is  perhaps  that  of  placing  fine  screens  or  meshes  in  the 
low-velocity  supply  chamber.  Under  certain  flow  conditions  these 
screens  cause  no  eddies  of  their  onn.  When  successive  screens  are 
used  they  should  be  far  enough  apart  to  cause  the  turbulence  created 
by  the  first  to  decay  before  the  next  screen  is  reached.  Suitable  size 
of  mesh  and  gage  of  wire  are  given  as  a  function  of  flow  Reynolds  num¬ 
ber  in  Ref.  64.  The  effect  of  screens  in  the  OAL  tunnel  at  Mach  1.75 
nay  be  seen  in  Fig.  6-3. 

The  contraction  ratio  between  the  tunnel  throat  and  the  still¬ 
ing  chamber  also  affects  the  intensity  of  turbulence.  This  is  a  prob¬ 
lem  of  tunnel  design  rather  than  tunnel  Instrumentation.  Reference  247 
shows  that  the  longitudinal  component  of  the  turbulent  velocity  de¬ 
creases  in  absolute  magnitude  and  the  lateral  component  increases  as 
the  flow  accelerates  through  the  contraction.  However,  elementary  con¬ 
siderations  show  that  in  supersonic  nozzles  the  increase  in  mean  ve¬ 
locity  and  the  decrease  in  density  are  both  beneficial  in  reducing  the 
flow  irregularities  and  restoring  the  Isotropy. 

The  smoothness  of  the  flow-channel  walls  of  a  tunnel  may  also 
affect  the  turbulence.  It  is  suggested  that  the  increase  in  critical 
Reynolds  number  in  the  QAL  Mach  2.77  nozzle  (Fig.  6-3)  is  due  to  the 
smoother  finish  of  the  walls  of  that  particular  nozzle. 

Where  it  is  impossible  to  change  the  turbulence  level  of  a 
test  section  it  nay  to  sone  extent  be  conpensated  for  by  fixing  the 
transition  from  laminar  to  turbulent  boundary  layer  at  some  specified 
position  lAich  would  correspond  to  a  fixed  turbulence  level.  Methods 
by  which  this  any  be  achieved  are  discussed  in  the  next  subsection. 

6.4  Fixing  Boundary- Layer  Transition  on  Models 


Since  supersonic  wind  tunnels  are  limited  in  size  and  tunnel 
stagnation  pressure  by  power  requirements,  most  model  tests  are  made 
at  Reynolds  numbers  much  lower  than  those  of  the  full-scale  aircraft. 

As  a  result,  the  boundary  layer  may  be  laminar  over  a  large  part  or 
all  of  the  model  surface  instead  of  turbulent,  as  it  frequently  is  at 
the  higher  Reynolds  numbers  of  flight.  This  difference  affects  the 
skin-friction  drag,  the  rate  of  growth  of  the  boundary  layer,  the  con¬ 
ditions  under  which  the  boundary  layer  separates,  its  behavior  after 
separation,  and  the  effectiveness  of  control  surfaces  that  are  partially 
immersed  in  the  boundary  layer. 
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To  reduce  or  eliainate  these  scale  effects,  it  is  often  de¬ 
sirable  to  fix  transition  to  turbulent  boundary  layer  by  some  artifi¬ 
cial  method.  This  requirement  presents  the  problem  of  choosing  a 
mechanism  which  will  promote  transition  with  minimum  collateral  effect 
on  the  flow.  The  methods  which  have  been  used  (Ref.  248)  to  fix  transi¬ 
tion  include  1)  the  use  of  carborundum  grit,  single  or  multiple  wires, 
or  ridges  on  the  model  surface:  2)  cutting  multiple  grooves  into  the 
surface;  and  3)  injecting  air  into  the  boundary  layer. 


The  use  of  grit  or  wires  appears  most  practical  for  use  in 
supersonic  wind  tunnels.  Multiple  wires  may  prove  more  satisfactory 
in  some  situations  since  their  size  can  be  smaller  than  that  of  a  single 
wire;  consequently,  the  production  of  less  severe  disturbances  in  the 
free  stream  can  be  expected.  Grooves  transverse  to  the  airstream  have 
proved  less  satisfactory  than  ridges  on  the  model.  Air  injection  has 
been  used  satisfactorily  on  flat  plates,  but  its  application  to  complex 
models  is  limited  because  of  the  increased  complexity  of  the  models. 

The  disadvantage  of  carborundum  grit  is  that  it  tends  to  erode.  In  low- 
speed  tests,  however,  it  may  have  a  possible  advantage.  Results  show 
that  it  provides  less  distortion  of  the  boundary- layer  velocity  profile 
than  other  methods  do. 


A  typical  plot  of  drag  coefficient  versus  roughness  height  at 
Mach  4.09  obtained  in  experiments  at  JPL  is  shown  in  Fig.  6-4.  The 
models  used  were  bodies  of  revolution  composed  of  conical  noses  and 
cylindrical  afterbodies  joined  by  tangent  circular  ogives.  The  bodies 
had  included-angle  cones  of  12,  20,  and  30  deg  and  an  over-all  fineness 
ratio  of  10.6.  Additional  data  on  all  the  models  were  obtained  over  a 
Mach  number  range  of  1.63  to  4.09  and  are  shown  in  Fig.  6-5.  However, 
the  quantitative  results  will  apply  in  general  only  to  the  JPL  20-in. 
supersonic  wind  tunnel,  where  the  investigation  was  made.  The  critical 
roughness  will  be  a  function  of  wind-tunnel  turbulence,  temperature, 
and  model  geometry. 


It  may  be  concluded,  for  the  ranges  of  variables  tested,  that 
both  the  single-element  and  the  distributed  roughnesses  can  be  used 
satisfactorily  to  fix  transition,  with  negligible  effect  on  drag  due 
to  the  roughness  Itself  (apart  from  that  attributed  to  movement  of  the 
transition  point).  It  is  believed  that  further  increase  in  roughness 
size  may  have  an  effect  on  the  wave  drag,  especially  at  lower  Mach 
numbers . 
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Fig.  6-1.  Effect  of  stilling  chamber  screens  on  model  stability  and 
axial  force  characteristics  in  the  OAL  Mach  1.73  nozzle. 
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Fig.  6-1.  Effect  of  stilling  chamber  screens  on  model  stability  and 
axial  force  characteristics  in  the  OAL  Mach  1.73  nozzle. 
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Fig.  6-2.  Variation  of  body-alone  (RM-10)  axial  force  coefficient 
with  angle  of  attack;  Mach  number  1.73,  Reynolds  number 
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Fig.  6-4.  Typical  plot  of  drag  coefficient  vs  roughness  height. 
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20-deg  Modified  Cone 


20-deg  Cone 


Source:  Ref.  248  (a)  Distributed  roughness  (grit) 

( b)  Single-element  roughness  (wire) 


Fig.  6-5.  Effect  of  Mach  number  on  critical  roughness  height. 
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7.  Tunnel  Blockage 

When  supersonic  flow  cannot  be  established  in  the  wind-tunnel 
test  section,  the  resultant  condition  is  known  as  a  "blocked  tunnel." 
This  condition  is  caused  primarily  by  1)  insufficient  compression  ratio, 
2)  excessive  moisture  (or  condensed  gas)  in  the  airstream,  or  3)  too 
large  a  model. 

7.1  Inadequate  Compression  Ratio 


Figure  7-1  presents  a  broad  range  of  experimentally  deter¬ 
mined  minimum  compression  ratios  as  a  function  of  ^ch  number,  together 
with  minimum  theoretical  value,  which  is  the  pressure  ratio  through  a 
normal  shock.  In  general,  this  evidence  shows  that  the  classical  nor¬ 
mal  shock  pressure  ratio  is  insufficient  to  start'  an  empty  tunnel  since 
it  does  not  account  for  pressure  losses  in  the  system.  Considerable 
refinement  in  diffuser  design  has  made  it  possible  to  start  empty  tun¬ 
nels  with  near-normal  shock  pressure  ratios.  However,  the  addition  of 
a  typical  model  and  support  system  usually  increases  the  required  mini¬ 
mum  compression  ratio  so  that  it  approximates  the  dotted  curve  in 
Fig.  7-1. 


7.2  Excessive  Humidity 

Operation  of  a  supersonic  wind  tunnel  at  a  dew  point  high 
enough  to  allow  water  vapor  to  condense  in  the  test  section  can  intro¬ 
duce  "condensation  shocks"  and,  hence,  variations  from  the  desired  Mach 
number.  Water  vapor  in  excessive  quantities  can  also  prevent  the  estab¬ 
lishment  of  supersonic  flow  in  the  test  section.  It  is  therefore  neces¬ 
sary  to  monitor  the  test  section  dew  point  during  operation  to  assure 
that  there  are  no  undesirable  humidity  effects. 


Figure  7-2  is  a  handy  chart  for  converting  dew  point  in  de¬ 
grees  Fahrenheit  to  specific  humidity  in  pounds  of  water  vapor  per 
pound  of  air  as  a  function  of  absolute  pressure.  The  dew  point  is 
quoted  at  atmospheric  pressure  (the  dotted  line  in  Fig.  7-2),  The 
presence  of  condensation  shocks  causes  errors  in  pressure  readings. 

To  keep  these  errors  within  allowable  limits  the  air  must  be  dried  to 
the  dew  points  Indicated  in  Fig.  7-3.  These  dew  points  are  given  as  a 
function  of  free-stream  Mach  number  for  two  stagnation  temperatures 
(100’’F  and  SOO^F) .  The  calculations  are  based  on  the  methods  presented 
in  Ref.  249. 

7,2.1  Humidity  Indicating  Instruments 


A  survey  of  the  methods  of  measuring  humidity,  calibrating 
instruments,  and  producing  atmospheres  of  controlled  humidity,  as  well 
as  a  list  of  available  literature,  including  manufacturers'  catalogs, 
appears  in  Ref.  250.  ( It  is  suggested  that  Ref.  250  be  examined  before 

the  first  step  is  taken  to  select  a  humidity  indicator.  No  attempt 
will  be  made  here  to  describe  the  many  instruments  that  are  available.) 


Two  techniques  (Ref.  1)  which  depend  upon  the  appearance  of 
visible  water  droplets  at  the  dew  point  are  in  common  use.  A  classic 
and  reliable  method,  often  used  as  a  primary  standard,  involves  visual 
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or  photo-electric  indication  of  a  water  (or  ice)  film  appearing  and 
disappearing  on  a  Metallic  mirror  as  it  is  heated  and  cooled.  The 
mirror  surface  temperature  is  equal  to  the  dew  point  when  clouding 
first  appears,  and  it  is  best  measured  by  surface  thermocouples.  With 
this  method  the  instruments  are  fitted  with  an  automatic  control  which 
maintains  the  mirror  at  the  dew  point.  Various  types  of  such  indica¬ 
tors  are  commercially  available,  some  with  a  reported  accuracy  of  +1% 
of  the  water-vapor  pressure. 


A  more  dependable  and  less  complicated  type  of  instrument 
(Alnor  Dewpoint  Indicator,  Illinois  Testing  Laboratories)  produces  a 
cloud  of  fine  water  drops  or  ice  particles  when  the  temperature  drop 
of  an  adiabatic  expansion  reaches  the  dew  point.  The  cloud  is  illumi¬ 
nated  by  a  lamp  and  observed  visually  or  photo-electrlcally .  An  initial 
pressure  is  built  up  in  the  air  sample  by  means  of  a  hand  pump  and  then 
allowed  to  expand.  The  correct  initial  pressure,  which  just  reaches 
the  dew  point  after  expansion,  is  determined  by  trial  and  error.  This 
Indicator  is  used  widely  to  measure  dew  points  as  low  as  -40  to  -70“F 
during  supersonic  wind-tunnel  operation. 


The  most  frequently  made  error  in  obtaining  dew  points  is 
caused  by  inadvertent  contamination  of  the  gas  sample.  Water  or  con¬ 
densation  in  the  sampling  line  between  the  gas  to  be  sampled  and  the 
instrument  will  markedly  affect  the  true  dew  point. 

7.3  Model  Size 


It  is  usually  desirable  to  utilize  a  model  of  the  maximum 
size  in  order  to  realize  the  greatest  aerodynamic  forces  and  minimize 
instrumentation  errors.  An  added  advantage  is  that  the  larger  the 
model  the  more  nearly  the  Reynolds  number  approaches  that  of  free 
flight.  However,  the  size  of  any  test  configuration  is  limited  by  the 
blocking  factor.  (See  also  Subsec.  8.1.) 

One-dimensional  flow  theory  generally  defines  an  absolute 
upper  limit  for  the  cross-sectional  area  of  any  model  to  be  tested  in 
the  wind  tunnel.  It  is  the  condition  at  which  a  normal  shock  would 
occur  and  would  initiate  subsonic  flow  in  the  test  section.  This  upper 
limit  does  not  take  into  account  any  other  losses  than  those  incurred 
at  the  normal  shock;  hence  the  practical  area  limitation  will  be  con¬ 
siderably  below  this  upper  theoretical  limit.  The  absolute  magnitude 
of  the  limiting  condition  or  the  degree  of  reduction  from  the  one-dimen¬ 
sional  theory  for  actual  testing  of  particular  models  is  poorly  defined. 
Due  to  this  insufficient  knowledge  concerning  the  relative  choking  prop¬ 
erties  of  different  test  configurations,  many  theoretical  blocking  limi¬ 
tation  curves  have  included  a  notation  to  the  effect  that  the  theoretical 
values  should  be  reduced  by  some  arbitrary  percentage  to  guarantee  a 
margin  for  safe  testing.  Such  design  methods  have  frequently  resulted 
in  the  needless  curtailment  of  the  size  of  many  test  configurations, 
particularly  those  having  streamlined  nose  sections,  because  of  the 
fear  that  a  choked  condition  would  result  in  the  wind  tunnel. 

A  series  of  disks  of  varying  diameters  and  a  dual  series  of 
axially  symmetric  cones  with  Included  angles  of  20  and  60  deg  were 
tested  in  the  WADC  6-in.  supersonic  wind  tunnel  in  order  to  determine 
more  accurately  the  limiting  size  of  future  test  configurations.  Data 
were  obtained  at  nominal  Mach  numbers  of  1.50,  1.75,  2.00,  2.25,  and 


Tunnel  Blockage 


7.3 


g 

2.50,  and  at  a  Reynolds-number-per-foot  value  of  4.68  x  10  .  The  ratio 
of  cross-sectional  model  area,  A^,  to  test-section  area,  A^,  above 

which  the  flow  within  the  tunnel  was  completely  choked  is  shown  in  the 
following  table.  A  strong  shock  wave  existed  across  the  channel  ahead 
of  the  model,  and  the  flow  within  the  immediate  region  of  the  model  was 
largely  subsonic. 


Ratio  of  A||  to  A^ 


Disk 

60-deg  Cone 

1.50 

0.086 

0.025 

0.040 

0.070 

1.75 

0.136 

0.053 

0.076 

— 

2.00 

0.178 

0.077 

0.100 

— 

2.25 

0.213 

0.099 

0.116 

— 

2.50 

0.240 

0.117 

0.122 

— 

At  the  time  this  data  was  gathered  the  20-deg  cones  had  been  tested 
only  at  Mach  1.50.  However,  the  results  suggest  that  the  limit  for 
the  one-dimensional  theory  can  be  closely  approached  with  conical  noses 
of  low  included  angle.  These  data  and  the  theoretical  limiting  area 
ratio  are  shown  in  Fig.  7-4. 

The  flow  characteristics  along  the  length  of  the  model  should 
be  considered  if  an  extensive  afterbody  is  present.  The  flow  conditions 
at  the  nose  of  the  model  would  present  no  problems;  however,  as  the 
critical  area  ratio  for  blockage  is  approached,  the  shock  interference 
tends  to  move  upstream  from  the  subsonic  diffuser  toward  the  rear  of 
the  model.  A  shock  wave  Interference  could  then  exist  on  the  afterbody. 

Since  the  initial  investigation  was  concerned  solely  with  the 
nose  effects  of  axially  symmetric  bodies  upon  the  relative  blockage,  no 
effort  was  made  to  determine  the  effect  of  the  body  length  of  an  after¬ 
body.  Because  of  the  boundary- layer  growth  along  the  length  of  a  body, 
an  additional  blockage  effect  can  be  expected. 


Figure  7-4  also  presents  some  experimental  results  obtained 
at  OAL  in  the  lower  supersonic  Mach  number  range.  It  should  be  noted 
that  such  test  installations  as  transverse  rods  can  block  the  tunnel 
even  though  larger  cross-sectional  area  configurations  allowed  the 
flow  to  be  established. 


Probably  the  most  fundamental  approach  to  this  problem  is 
being  taken  at  JPL.  Preliminary  results  of  JPL’ s  study  show  that  tun¬ 
nel  blocking  can  be  predicted  if  the  bow-shock-wave  intensity  at  the 
wind-tunnel  wall  is  great  enough  to  exceed  the  critical  pressure  re¬ 
quired  to  separate  the  tunnel  boundary  layer  from  the  wall. 
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Facility 

Test  Section 
Size  (in.) 

Operation 

Nozzle 

Diffuser 

O  ABDC 

9  X  12 

Intermittent 

Flexible 

Fixed 

A  ATD-Mugu 

17  X  21 

Continuous 

Fixed 

Fixed 

□  BRL 

15  X  20 

Continuous 

Flexible 

Variable 

0  DTMB 

18  X  18 

Intermittent 

Fixed 

Fixed 

^  JPL 

18  X  20 

Continuous 

Flexible 

Variable 

0  NAA 

16  X  16 

Intermittent 

Fixed 

Variable 

4  NAA 

3.5  X  3.5 

Intermittent 

Fixed 

Variable 

A  NSL-MIT 

18  X  24 

Continuous 

Fixed 

Fixed 

Q  OAL 

19  X  27.5 

Continuous 

Fixed 

Fixed 

V  Redstone 

7x7 

Intermittent 

Fixed 

Variable 

OUniv.  Mich 

4x4 

Intermittent 

Variable 

Variable 

^Univ.  Mich 

8  X  13 

Intermittent 

Fixed 

Variable 

o  MADC* 

6x6 

Continuous 

Fixed 

Fixed 

Mach  Number 

Fig.  7-1.  Minimum  operating  compression  ratio  for  supersonic 

wind  tunnels. 
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Fig,  7-4.  Upper  limit  of  model  area  to  test  section  area  as  a 
function  of  Mach  number. 
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8.  Model  Design 

It  Is  generally  desirable  to  nake  a  wind-tunnel  model  as  large 
as  possible  In  order  to  maximize  air  loads  and  thus  Increase  the  accu¬ 
racy  of  measurements.  The  larger  size  also  provides  a  more  realistic 
Reynolds  number.  Moreover,  as  the  model  size  Is  Increased  the  problems 
of  design  and  fabrication  become  less  difficult.  Several  factors  limit 
the  maximum  model  size  for  any  given  facility,  and  these  are; 

1.  Tunnel  blocking,  which  governs  maximum  frontal  area 

2.  Reflected  shock-wave  interference,  which  governs  model  length 

3.  Limitations  on  the  aerodynamic  loads,  including  the  dynamic 
effects  of  starting  and  stopping  the  wind  tunnel. 

The  first  of  these  has  been  discussed  in  Subsec.  'i.Z,  and  the  limiting 
area  is  defined  in  terms  of  the  nose  geometry  and  the  free-stream  Mach 
number. 


;d 


8.1  Shock-Wave  Reflection 


Shock  waves  from  models  in  a  supersonic  wind  tunnel  may  pro¬ 
duce  two  undesirable  effects  not  found  in  free  flight.  • 

First,  behind  normal  shocks  and  some  low  supersonic  Mach  num¬ 
ber  shocks  there  exists  a  region  of  subsonic  flow.  This  region  tapers 
away  to  nothing  at  some  distance  from  its  origin;  but  should  it  strike 
a  wall  of  the  wind  tunnel  before  vanishing,  pressure  disturbances  at 

the  wall  can  propagate  back  through  this  subsonic  region  and  influence  ^ 

the  flow  properties  over  the  model.  This  possibility  may  generally  be 
Ignored  even  at  very  low  supersonic  speeds,  since  tunnel  blocking  con¬ 
siderations  for  solid  walled  nozzles  will  usually  impose  a  more  serious 
restriction  on  allowable  model  size. 


Second,  when  a  bow  wave  from  a  model  strikes  a  wall  of  the 

tunnel  it  is  reflected  into  the  stream  and  may  impinge  on  the  afterbody  • 

of  the  model.  The  same  kind  of  effect  may  be  produced  by  the  reflec¬ 

tion  of  an  expansion  wave  on  a  free  jet  boundary.  If  this  occurs,  the 
pressures  on  the  model  in  the  vicinity  of  the  reflected  shock  impinge¬ 
ment  will  no  longer  be  representative  of  free-flight  conditions.  There¬ 
fore,  the  model  length  should  be  chosen  such  that  the  reflected  shock 
intersects  the  tunnel  axis  well  aft  of  the  model  base.  This  requirement 

seriously  limits  the  model  length  for  tests  at  low  supersonic  Mach  num-  • 

bers,  but  becomes  less  significant  as  the  Mach  number  increases.  The 
limiting  length  of  the  model  is  also  strongly  dependent  or.  the  width  of 
the  test  section. 

A  study  of  shock-wave  photographs  from  tests  (Ref.  91)  of 
models  with  various  nose  shapes  has  resulted  in  an  approximate  method 

for  rapidly  locating  the  position  of  reflected  shocks  from  conical,  * 

ogival,  hemispherical,  and  ducted-nose  (without  duct  flow)  low-waves. 

The  results  of  this  study  are  presented  in  Figs.  8-1,  8-2,  and  8-3. 

Whitfield  (AEDC  GDF)  has  measured  shock  reflection  characteristics  for 
hemispherical  and  conical  noses  for  angles  of  attack  of  0,  15,  and 
30  deg  at  Mach  numbers  1.5,  2.0,  2.5,  3.0,  4.0,  and  5.0,  and  the  re¬ 
sults  are  presented  in  Figs.  8-4  to  8-21.  These  charts  provide  a 
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graphical  method  for  locating  within  +1  in.  the  position  of  the  re¬ 
flected  shock  wave  from  various  shaped  noses  for  various  angles  of 
attack.  The  charts  may  be  used  directly  for  conical  and  hemlspheri^cal 
noses.  If  the  nose  shape  is  ogival  it  may  be  replaced  by  an  effective 

cone  whose  vertex  angle  is  8W  of  the  ogive  vertex  angle.  The  ogive  • 

vertex  half-angle,  9^,  is  given  by 


6  =2  arc  tan  - 

®  2  ^(C  -  0.25)D 


(8-1) 


where 

C  =  caliber  of  the  model  tangent  ogive 
D  =  maximum  diameter  of  ogive 

The  chart  for  ducted,  no-flow  models  may  be  used  for  either  conical  or 
ogival  cowls.  In  a  tunnel  where  the  height  is  considerably  greater 
than  the  width,  the  reflection  from  the  side  walls  will  always  be  criti¬ 
cal.  However,  this  is  not  the  case  if  the  test  section  is  square  and 
the  model  is  at  an  angle  of  attack. 

To  use  the  charts  (Figs.  8-4  to  8-21)  it  is  necessary  to  em¬ 
ploy  the  following  procedure. 

1.  Determine  the  effective  distance,  Y/D,  from  the  side  wall  to 
the  tunnel  centerline.  The  effective  wall  is  assumed  to  be 
displaced  inward  from  the  physical  wall  by  one-fourth  of  the 
boundary- layer  thickness. 

2.  Find  the  intersection  of  Y/D  with  the  effective  nose  angle. 

3.  From  this  point  draw  the  reflected  shock,  making  the  angles  of 
reflection  and  Incidence  equal. 

The  point  of  intersection  of  the  reflected  ray  and  the  tunnel  centerline 
will  give  an  indication  of  the  limiting  length  of  a  model. 

8.2  Aerodynamic  Loads  Imposed  by  Starting  and  Stopping  Flow 

Methods  such  as  those  which  utilize  simplified  linear  theories 
for  calculating  the  steady-state  air  loads  on  surfaces  and  bodies  are 
readily  available  in  the  literature  and  supported  by  an  abundance  of 
wind-tunnel  test  data.  However,  in  selecting  a  model  scale  such  that 
the  air  loads  will  not  exceed  the  capacity  of  the  supporting  structure 
it  is  necessary  to  take  into  account  the  additional  loads  incurred  dur¬ 
ing  the  starting  and  stopping  of  the  air  flow.  In  wind  tunnels  whose 
dynamic  pressure  is  high  this  increase  in  load  is  very  great. 

Figures  8-22  and  8-23  (Ref.  252)  present  typical  examples  of 
the  starting  and  stopping  loads  encountered  in  tests  on  a  generalized 
cruciform  model  in  a  continuous  closed-return  wind  tunnel.  The  tests 
employed  wing-alone,  body-alone,  and  wing-body  configurations.  Pitch¬ 
ing  moment,  normal  force,  and  axial  force  data  were  recorded  on  an  oscil¬ 
lograph.  The  frequency  and  duration  of  loading  were  also  documented. 
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values  presented  are  the  maxlmums  encountered  during  several  starts 
and  stops  of  the  same  corf’ curat  Ion.  These  multiple  readings  are  neces¬ 
sary  because  the  starting  phenomena  are  random,  and  sufficient  measure¬ 
ments  must  be  made  to  assure  a  statistically  reliable  answei . 

The  models  were  set  at  zero  angle  of  attack  diiring  starting 
and  stopping,  but  the  measured  normal  forces  compared  with  the  steady- 
state  values  at  10-deg  angle  of  attack,  the  highest  anticipated  value 
for  the  particular  setup.  Figure  8-22  shows  that  the  transient  loads 
not  only  increase  with  Mach  number  but  also  may  increase  many  fold. 

The  axial  forces  shown  in  Fig.  8-22  are  in  both  cases  based  on  the 
zero  lift  value.  Although  the  stniting  and  stopping  load  factor  for 
the  axial  force  has  increased  much  more  than  it  has  in  the  case  of  the 
normal  force,  the  absolute  value  of  the  axial  force  is  very  much  smaller 
than  that  of  the  normal  force. 


In  the  OAL  tunnel  the  stopping  loads  appear  to  be  approxi¬ 
mately  20^  higher  than  the  starting  loads.  This  difference  results 
from  the  fact  that  the  entire  circuit  is  at  ambient  pressure  just  prior 
to  starting  the  tunnel.  However,  during  operation  the  pressure  in  the 
return  line  of  the  tunnel  is  above  atmospheric,  thus  increasing  the 
stagnation  pressure  in  the  circuit  during  shutdown. 


The  foregoing  data  were  compared  with  similar  data  obtained 
on  wind-tunnel  models  of  typical  airplane  configurations  in  the  same 
OAL  tunnel,  and  it  was  found  that  reasonable  agreement  existed  between 
these  data  and  that  from  all  three  configurations  tested.  In  the  latter 
tests,  it  was  noted  that  the  side  loads  for  a  cruciform  model  were  in 
the  same  order  of  magnitude  as  the  normal  loads  during  the  starting  and 
stopping  phases. 


The  following  expression  (Ref.  253)  is  used  to  predict  the 
starting  normal  force,  N,  experienced  by  an  airplane-type  model  in  the 
AEDC  GDF  E-1  tunnel. 


where 


N  ,  7(M^  ~  , 

'’o®  6(1  +  0.2M^)^*^ 


(8-2) 


p^  =  instantaneous  total  pressure  that  exists  when  the  tunnel 
starts 

S  =  total  planform  area  of  the  wing 


This  expression  is  based  on  the  assumption  that  supersonic  flow  exists 
over  the  top  surface  of  the  wing  and  body,  with  a  normal  shock  standing 
below  the  leading  edge  and  followed  by  subsonic  flow  over  the  lower  sur¬ 
face  of  wing  and  body.  Experimental  results  (Ref.  253)  show  good  agree¬ 
ment  with  this  rather  arbitrary  physical  picture. 


Another  loading  problem  connected  with  starting  and  stopping 
is  that  of  model  oscillation.  The  natural  frequency  of  the  model-balance 
system  should  damp  rapidly  to  the  steady  state,  a  prime  consideration  in 
blowdown  tunnels  since  it  effectively  curtails  the  run-time. 
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An  experiment  at  United  Aircraft's  4.5  by  4.5-in.  tunnel, 
utilizing  a  single  dynamic  pressure  pickup  which  measured  the  pressure 
difference  between  the  top  and  bottom  surfaces  of  a  rigidly  mounted 
wing  at  zero  angle  of  attack,  indicated  that  the  pressure  difference 
during  the  starting  process  oscillated  at  frequencies  of  several  hun¬ 
dred  cycles  per  second  and  had  a  maximum  value  equal  to  the  pressure 
ratio  across  a  normal  shock  wave  at  the  tunnel  Mach  number.  Experi¬ 
mental  values  were  always  less  than  this  value  because  of  the  dynamic 
effects  related  to  the  frequency  of  the  oscillating  loads  and  the 
natural  frequency  (86  cps)  of  the  model  in  pitch. 


The  duration  of  the  Increased  loading  is  governed  largely  by 
the  time  required  for  closing  the  by-pass  valve,  which  may  vary  from  a 
few  milliseconds  to  several  seconds.  In  a  series  of  starts  with  valve 
opening  times  of  8.5,  35,  and  500  msec,  the  starting  loads  in  the  UAC 
tunnel  were  essentially  the  same  at  the  two  lower  values,  but  two  or 
three  times  higher  for  the  slowest  valve  opening. 


However,  experiments  in  BRL's  Tunnel  No.  3  do  not  corroborate 
this.  Tests  with  the  continuous-flow,  closed-circuit,  variable-density 
tunnel  having  a  starting  time  of  1.5  min  showed  that  the  loads  are 
greatest  during  the  period  of  3  to  6  sec,  when  the  transition  shock 
system  passes  over  the  model.  Quick-operating  valves  which  opened  with¬ 
in  a  second  were  tried,  and  it  was  found  that  the  maximum  loads  were  of 
the  same  order  as  those  with  the  regular  valving. 


8.3  Model  Construction  Techniques 


Models  are  usually  constructed  of  steel,  aluminum,  or  brass. 

The  body  is  generally  made  of  SAE  4140  steel,  heat-treated  to  125,000  psi. 
Highly  stressed  parts  such  as  aerodynamic  surfaces  require  a  material 
that  exhibits  good  machining  properties  at  a  high  degree  of  heat  treat¬ 
ment.  For  this  purpose  SAE  6150  steel  or  an  equivalent  is  used.  Heat 
treatment  for  strength  prior  to  machining  should  not  exceed  a  hardness 
of  Rockwell  C-40  or  180,000  psi.  It  is  difficult  to  machine  steel  that 
exceeds  this  hardness. 


The  selection  of  material  used  to  construct  flare  housings, 
model  fairings,  antennae,  etc.,  is  usually  governed  by  the  method  of 
fabrication.  Aluminum  and  brass  are  not  easily  eroded  and  have  been 
used  successfully  for  these  parts. 

Highly  stressed  parts  should  be  designed  for  a  minimum  amount 
of  deflection  as  well  as  for  load  carrying  capability.  Abrupt  changes 
in  cross  section  should  be  accompanied  by  generous  fillets.  To  avoid 
fatigue  failures  file  marks  should  be  polished  out  of  fillets  which  will 
be  exposed  to  high  stress  concentrations.  Holes  should  not  be  drilled 
in  a  changing  cross-section,  i.e.,  through  a  radius,  unless  absolutely 
necessary.  Information  relating  to  techniques  and  ideas  of  proven  value 
can  be  found  in  Ref.  91. 


Although  structural  defects  and  unpredictable  loading  condi¬ 
tions  cannot  be  anticipated  before  a  model  is  designed,  some  provisions 
must  be  made  to  allow  for  these  factors.  Otherwise  valuable  tunnel 
time  can  be  lost.  Since  it  is  impractical  to  make  spares  for  each  model 
part,  the  spare  parts  to  be  constructed  should  be  selected  with  care. 
Moreover,  practical  considerations  require  immediate  access  to  an  adja¬ 
cent  machine  shop  during  wind-tunnel  test. 
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8.3.1  Joining  Body  Sections 

Sections  that  require  no  rotational  orientation  to  each  other 
can  be  fastened  together  by  aeans  of  a  screw  Joint  as  shown  in  Fig.  8-24. 
The  Joint  should  be  turned  tightly  to  avoid  loosening  under  continuous 
vibration.  With  this  type  of  Jointure  a  strap  wrench  is  usually  required. 


Sections  that  require  an  exact  rotational  position  relative 
to  each  other  way  be  connected  by  a  slip  Joint  which  is  locked  in  place 
with  hardened  steel  set  screws.  Aligning  pins  are  used  as  shown  in 
Fig.  8-24  to  ensure  exact  and  repeatable  orientation  of  the  body  sec¬ 
tions.  The  set  screws  in  this  type  of  Joint  wust  be  frequently  tightened 
or  locked  in  place  because  vibration  may  loosen  them.  Moreover,  the 
location  of  the  screw  holes  must  be  carefully  selected  to  obviate  as 
much  as  possible  the  need  for  filling  unnecessary  holes,  which  is  a 
time-consuming  task. 

A  tight,  aerodynamics lly  clean  Joint  which  utilizes  a  left 
and  right  band  thread  on  the  inside  diameter  is  shown  in  Fig.  8-25. 

As  the  inside  sleeve  is  rotated,  the  sections  move  together  and  are 
aligned  by  a  pin  which  is  concealed  upon  assembly.  A  special  tool  is 
needed  to  install  and  remove  this  sleeve.  This  type  of  Joint  may  be 
used  where  the  model  wall  is  too  thin  to  allow  the  use  of  set  screws. 


Another  frequently  used  Joint  utilizes  a  tie  rod  to  apply  an 
axial  force  on  the  slip  Joints  as  shown  in  Fig.  8-26.  This  tie  rod 
also  may  be  used  to  seat  the  model  on  the  internal  balance  taper.  The 
body  sections  can  be  oriented  relative  to  each  other  by  use  of  aligning 
pins  which  are  concealed  when  the  Joint  is  assembled  and  which  will  en¬ 
sure  accurately  repeatable  orientation  of  the  body  sections. 

Most  model  bodies  are  built  in  three  sections,  with  a  Joint 
ahead  of  the  wings  and  a  Joint  between  the  wings  and  tails.  The  taper 
in  the  model  that  mates  with  the  taper  in  the  interna''  ■  lance  is  nor¬ 
mally  machined  in  the  mid- body  section.  Therefore,  var^  ng  configura¬ 
tions  should  be  designed  around  this  mid-body  section  so  that  the  model 
need  not  be  removed  from  the  internal-balance  assembly  when  a  configura¬ 
tion  change  is  necessary.  In  this  way  valuable  running  time  may  be 
saved. 


8.3.2  Mounting  Aerodynamic  Surfaces 

Aerodynamic  surfaces  fall  into  two  categories,  fixed  inci¬ 
dence  and  variable  incidence.  The  fixed-incidence  surface  normally  has 
an  Island  at  its  base,  as  shown  in  Fig.  8-27,  which  mates  with  a  groove 
in  the  body  and  is  held  in  place  by  one  of  several  methods.  The  variable- 
incidence  surface  utilizes  interchangeable  incidence  pins  or  interchange¬ 
able  surfaces. 

With  the  incidence  pin  design,  the  surface  (Fig.  8-28)  has  a 
slot  machined  in  the  surface  hub  which  mates  with  an  incidence  pin  as 
shown  in  Fig.  8-29.  The  desired  incidence  angles  are  machine-ground  on 
the  incidence  pins;  after  assembly  this  ground  surface  mates  with  a  simi¬ 
lar  surface  on  the  hub,  thus  forcing  the  surface  to  the  desired  incidence 
angle.  A  separate  incidence  pin  is  required  for  each  angle.  For  a 
wing-control  model,  the  incidence  pins  should  be  placed  in  such  a  manner 
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that  the  heads  will  be  exposed  whea  the  nose  section  is  resoved.  In  a 
tail-control  sodel,  shown  in  Figs.  3-59  and  8-28,  the  incidence  pins 
should  be  Installed  in  the  base  of  the  sodel  if  the  model  planfors  per- 
sits.  If  this  cannot  be  done,  the  pins  should  be  installed  ahead  of 
the  tail  surfaces  so  that  they  are  exposed  when  the  aft  body  joint  is 
broken. 

When  interchangeable  surfaces  are  used  to  vary  the  incidence 
on  wings  or  tails,  a  surface  Integral  with  the  island  is  sade  for  each 
desired  incidence  angle.  Figure  8-29  shows  a  typical  example  of  this 
design  for  wings,  and  Fig.  8-30  shows  one  for  tail  surfaces.  The  model 
nose  is  used  to  lock  the  wing  surfaces  in  place,  while  a  retaining  ring 
is  used  for  the  tall  surfaces. 

8.3.3  Surfacers  and  Fillers 

Screw  holes  and  discontinuities  in  fairings  which  appear  on 
models  can  produce  undesirable  flow  disturbances.  Several  commercial 
putties  and  surfacers  are  available  to  fill  in  the  holes  and  to  fair 
in  the  discontinuities  in  body  lines.  The  results  obtained  with  these 
materials  will  depend  on  the  manner  in  which  the  model  is  prepared  and 
on  the  care  exercised  during  application  and  finishing.  Some  of  the 
commercial  products  which  have  been  used  for  this  purpose  are  Uet-L-It, 
Duratite,  and  New  Metal.  Of  these,  Duratlte  seems  to  be  the  most  work¬ 
able  and  requires  least  application  time.  All  of  these  products  will 
dry  slowly  if  they  are  applied  too  thickly.  To  save  time  any  boles  may 
be  temporarily  plugged  with  wooden  plugs,  cotton,  etc.,  and  smoothed 
over  with  a  putty  or  surfacer. 

Soft  solder  can  be  used  as  a  permanent  fill  for  boles  and 
nicks.  Beeswax,  sometimes  used  as  a  temporary  fill,  is  not  satisfactory 
because  it  becomes  plastic  at  elevated  temperatures.  A  mixture  of  chalk 
dust  and  household  cement,  mixed  to  form  a  paste,  has  also  been  used. 

To  date,  no  filler  has  been  found  which  will  meet  all  of  the  strict  re¬ 
quirements  of  the  model  designer.  However,  in  many  tests  such  as  force 
measurements,  the  effect  on  the  flow  of  unfilled  boles  may  be  within  the 
accuracy  of  the  measurements. 
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Bow  waves  from  ducted  model  inlet  with  no  flow  through  duct. 


rig.  8-4 
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Source:  AEDC 


Fig.  8-4.  Bov  waves  from  conical  and  henisptaerical  noses;  Hacta 

nuaber  1.5,  a  =  0  deg. 
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Fig.  8-5.  Bow  waves  from  conical  and  hemispherical  noses;  liach 

number  1.5,  a  =  15  deg. 
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>’lg.  8-6 


Fig. 

382 


g_0.  Bow  waves  from  conical  and  hemispherical  noses;  Hach 
number  1.5,  a  =  30  deg. 


•  •  •  •  • 


•  • 


•  •  •  •  • 


Source:  AEDC 
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Fig.  8-8 
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Fig.  8-8.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  2.0,  a  =  15  deg. 
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Fig.  8-9.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  2.0,  a  -  30  deg. 
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Fig.  8-10 
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Fig.  8-11 


Fig.  8-11.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  2.5,  a  =  15  deg. 
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Source:  AEDC 
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conical  and  hemispherical  noses;  Mach  number 


Fig.  8-14 
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Fig,  8-14.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  3.0,  a  =  15  deg. 
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Fig.  8-15 


Fig.  8-15.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  3.0,  a  =  30  deg. 
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Fig.  8-17 


Fig.  8-17.  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  4.0,  or  =  15  deg. 
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Source:  AEDC 


Fig.  8-20 
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Fig.  8-21 


Source:  AKDC 


Fig,  8-21,  Bow  waves  from  conical  and  hemispherical  noses;  Mach 

number  5.0,  a  =  30  deg. 
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Fig.  8-23 


Fig.  8-23.  Maximum  axial  force  loads  experienced  during  wind' 
tunnel  starting  and  stopping. 
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SECTION  A- A 


Fig.  8-24.  Details  of  screw- joint  and  slip-joint  methods  for 
joining  model  sections. 


LEFT  a  RIGHT  HAND  THREAD 


Fig.  8-25.  Details  of  left  and  right-hand  thread  in  screw- 

type  joint. 
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ALIGNING  PIN 


Fig.  8-27.  Details  of  base  for  surface  with  fixed  attitude. 
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Fig.  8-29 


Force  Measuring  Systess 


9.1 


9.  Force  Measuring  Systess 

Research  and  developsent  in  the  field  of  supersonic  aerody- 
nasics  desands  the  immediate  availability  of  large  quantities  of  wind- 
tunnel  data  upon  completion  of  a  test.  Prototype  design  decisions  and 
accuracy  of  existing  theory  depend  heavily  on.  these  data.  The  demand 
is  particularly  pressing  when  a  crisis  of  aerodynamic  origin  develops 
in  a  flight-test  program.  The  only  immediate  economical  solution  is  a 
crash  program  of  wind-tunnel  testing  to  determine  the  aerodynamic  ef¬ 
fects  of  various  configuration  modifications.  The  mere  accumulation 
of  large  amounts  of  wind-tunnel  data  is,  in  Itself,  useless  unless  the 
data  can  be  quickly  converted  to  the  necessary  aerodynamic  parameters. 
Wind-tunnel  facilities  have  met  this  demand  with  Improvements  in  instru¬ 
mentation  and  testing  techniques  which  have  resulted  in  significant  ad¬ 
vances  in  total  output  and  operational  efficiency. 


The  efficiency  of  a  tunnel  is  a  direct  function  of  the  skill 
and  ingenuity  with  which  the  various  components  of  a  wind-tunnel  mea¬ 
suring  system  are  knit  together  into  an  over-all  system.  The  user  de¬ 
mands  speed,  accuracy,  low  cost,  and  versatility;  the  operator  would 
like  simplicity  of  action,  easy  maintenance,  low  initial  cost,  and  low 
overhead.  Advances  in  the  design  of  equipment  are  being  made  at  such 
a  rapid  rate  that  what  is  efficient  today  is  obsolete  tomorrow.  Hence, 
the  description  of  any  one  system  as  typical  is  not  too  informative 
since  it  is  only  typical  of  a  particular  stage  of  development.  A  dis¬ 
cussion  of  the  phases  of  operation  such  as  data  taking,  converting,  re¬ 
ducing,  and  plotting  is  more  appropriate.  What  seem  to  be  the  most  ef¬ 
ficient  techniques  at  the  present  time  are  discussed  below,  with  emphasis 
on  method  rather  than  on  mechanism. 


Prospective  users  of  presently  available  wind  tunnel  facili¬ 
ties  may  always  obtain  more  detailed  information  on  the  individual  sys¬ 
tems  than  it  is  possible  to  Include  in  the  limited  space  available 
here.  Such  systems  are  constantly  being  made  more  efficient  by  the 
addition  of  new  equipment. 

Prospective  designers  of  wind  tunnel  data  systems  would  look 
to  the  future  rather  than  the  past  or  the  present  and  seek  the  advice 
of  established  firms  whose  experience  would  enable  them  to  design  and 
integrate  a  system  most  ideally  suited  to  the  type  of  testing  anticipated. 

9.1  Data  Taking,  Reduction,  and  Plotting  Techniques 

The  most  efficient  speed  for  taking  force  data  and  the  opti¬ 
mum  amount  of  data  that  should  be  taken  are  closely  related  to  the  ac¬ 
curacy  required  in  the  end  results  and  the  capability  of  the  on-line 
components  of  the  system.  The  time  required  in  the  data-taking  process 
is  some  times  more  limited  by  the  physical  changes  required  in  model 
orientation  and  configuration  changes  than  it  is  by  the  actual  taking 
and  processing  of  the  data.  To  expedite  data  taking  an  automatic  con¬ 
trol  timer  has  been  used  in  one  facility  to  program  the  angle-of-attack 
drive  and  roll-positioning  motor  in  the  model  support  (Refs.  91,  254, 
and  255).  The  sequence  time  is  variable  over  a  range  of  1-1/4  to  6  sec, 
though  the  time  is  usually  set  to  give  increments  of  1  deg  in  angle  of 
attack  and  5  deg  in  roll  attitude  at  4.5-sec  intervals.  The  analog-to- 
dlgital  converter  samples,  converts,  and  stores  strain-gage  signals 
once  during  each  cycle.  This  cycle  is  automatically  repeated  until 
data  have  been  obtained  over  a  pre-set  range  of  model  angle  of  attack 
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or  roll  angle,  and  is  then  stopped  Manually. 

At  another  facility  a  similar  operation  takes  8  sec  per  cycle, 
the  difference  in  tine  being  that  required  by  the  flexowriter  to  tabulate 
the  data.  This  raises  one  of  the  issues  that  has  to  be  resolved  in  the 
design  philosophy  of  a  system.  In  the  complete  "on-line"  system  the 
data  is  plotted  as  it  is  taken.  The  data  at  the  maximum  value  of  the 
angle  of  attack  is  taken  first  so  that  the  scale  factors  nay  be  checked 
and  sensitivity  settings  adjusted  if  necessary.  The  static  zero  read¬ 
ings  are  plotted  before  and  after  the  run.  Since  the  data  are  plotted 
while  the  test  is  in  progress,  all  computations  are  based  on  the  initial 
zero  readings  and  have  no  way  of  allowing  for  zero  shifts  that  nay  occur 
duriug  the  run.  From  the  on-line  data  plots  the  test  engineer  is  able 
to  decide  whether  additional  check  points  need  be  run.  This  decision 
can  thus  be  made  before  the  model  is  touched  and  thus  nay  effect  not 
only  a  saving  of  time  but  also  ensure  an  identical  set-up  for  any  neces¬ 
sary  re-runs. 


In  off-line  data  reduction  systems  the  final  plot  is  not 
available  for  a  period  of  several  minutes  to  one-half  hour  after  the 
run  is  finished.  Small  corrections  derived  from  a  comparison  of  the 
initial  and  final  static  zeroes  are  Incorporated.  Tine  is  available 
for  the  investigation  of  any  Irregularities  in  the  data.  It  is  argued 
that  computers  geared  to  keep  up  with  on-line  data  reduction  lie  idle 
during  model  changes  or  that  the  data-taking  process  is  slowed  down  to 
the  capacity  of  the  computer.  Plots  of  raw  data  are  useful  for  on-the- 
spot  decisions. 


i) 


The  length  of  time  that  the  tunnel  can  run  continuously  and 
the  interval  between  runs  may  be  factors  in  the  solution  of  the  on-line 
versus  off-line  problem  for  any  particular  facility.  An  example  of  such 
a  timing  problem  is  given  by  a  4  X  4-ft  blowdown  tunnel  where  the  run 
time  is  less  than  30  sec  (Ref.  256).  A  typical  run  would  consist  of 
pitching  the  model  through  a  complete  angle-of-attack  range  during  this 
tine.  Normally,  data  are  taken  at  every  degree  to  the  maximum  positive 
allowable  angle,  which  is  generally  around  20  deg.  It  was  determined 
that  the  maximum  Ui^able  steady-state  pitching  rate  was  about  5  deg/sec 
combined  with  a  high-speed  return-to-zero  rate  of  20  deg/sec.  During 
a  high-speed  pitching  run  it  is  necessary  to  sample  the  20  data  channels 
at  a  high  rate  in  order  to  "freeze"  the  model  at  discrete  angles  of  at¬ 
tack.  An  optimum  system  would  sample  these  20  channels  5  times/sec. 


When  samples  are  taken  at  a  rate  of  400  samples/sec,  each 
channel  will  be  sampled  2-1/2  msec  later  than  the  preceding  one.  Dur¬ 
ing  this  time,  the  model  has  pitched  through  an  "error"  angle  of 
2-1/2  msec  times  the  pitching  rate.  Each  succeeding  channel  has  a 
proportionally  greater  error  with  respect  to  the  angle  of  attack.  The 
effect  could  be  compensated  in  the  data  reduction  process,  but  the  com¬ 
putation  machinery  requirements  would  be  considerably  Increased.  If 
the  channels  which  vary  most  slowly  are  sampled  last  for  each  angle  of 
attack,  the  accuracy  of  the  recorded  data  will  be  satisfactory  without 
an  angle-of-attack  correction.  To  provide  some  on-line  data,  the  out¬ 
put  from  10  of  the  20  channels  is  reduced  and  plotted  in  five  types  of 
plots  during  the  course  of  the  run,  giving  sufficient  information  for 
rapid  decisions  on  necessary  re-runs.  Apart  from  these  on-line  plots, 
all  data  is  accumulated  during  a  day's  operation  and  reduced  to  final 
form  in  about  15  min  the  same  evening. 


406 


•  •  •  • 


•  •  • 


•  • 


Force  Measuring  Systess 


9.1 


At  OAL  it  is  standard  practice  to  take  data  in  1-deg  incre¬ 
ments  of  angle-of-attack  and  approximately  5-deg  increments  of  roll. 

The  closely  spaced  data  1)  eliminate  the  need  for  re-running  observed 
bad  points,  since  enough  valid  data  remain  to  define  the  curve  ade¬ 
quately;  2)  eliminate  the  fairing  of  curves;  and  3)  define  local  aero¬ 
dynamic  phenomena  which  large- increment  data  would  be  likely  to  miss. 
Aerodynamic  data  are  usually  presented  in  the  form  of  plotted  curves, 
examples  of  which  are  shown  in  Figs.  9-1  and  9-2.  The  plotting  may  be 
performed  by  a  vari-plotter  (Subsec.  3.8)  which  can  handle  up  to  3000 
points  an  hour.  For  the  case  of  on-line  data  reduction  it  is  often  cus¬ 
tomary  to  add  a  final  zero  angle-of-attack  check  point  and  to  print  the 
final  static  zero  reading  on  the  plot  so  that  any  necessary  corrections 
can  be  made  to  account  for  zero  drift. 


The  data  are  often  stored  on  punched  cards  or  on  magnetic 
tapes  from  which  they  nay  easily  be  transferred  to  punch  cards  for  use 
on  such  computers  as  the  IBM  704.  The  data  may  also  be  stored  on 
punched  tape. 


The  performance  characteristics  and  estimated  accuracy  of  one 
high-speed  force-measuring  system  are  sumoiarized  below. 


Performance  Characteristics 
(Ref.  256) 


High-Speed  Data  Channels 
Channel  Signal  Level 
Maximum  Signal  Variation 
Electrical  Filtering 

Switching  Rate 
Scanning  Rate 
High-Speed  Switching 
Analog-to-Dlgltal  Converter 
Data  Storage 
Computation  Time 

Data  Plotting 
On-Line  Data 


20 

+5  to  +30  mv,  full  scale 
T/3  full  scale/sec 
Variable  frequency  cutoff  down 
to  5  cps 

200  to  1000  samples/sec 
Manual  to  5  scans/sec 
Electronic,  diodes  at  100-v  level 
Successive  approximation  system 
Magnetic  tape,  playback  to  IBM  cards 
Overnight,  IBM  701  or  704  to  data 
cards 

5  flat-plate  plotters 
Simplified  10-channel  general- 
purpose  analog  computer 


Estimated  Accuracy  (Ref.  256) 


Model  Pitch  Angle  for 

Maximum  Loads 

15  deg 

Maximum  Rate  of  Pitching 

5  deg/sec 

Rate  of  Signal  Change 

1/3  full  scale/sec 

System  Component  Accuracy 

1/1 

Over-All  System  Accuracy 

1/3^ 

Probable  System  Error 

(Minimum  Signal  from  Drag) 

Accuracy  of  Analog  Computer 

+3  to  +5^ 

Repeatability  of  Analog 

Computer 

+  l/2<i 

Quoted  Accuracy  of  Plotter 

+  1/4^ 

Maximum  Trace  Speed  of 

Plotter 

20  in. /sec 
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9.1.1  Deeping  Device  (developed  et  VADC) 

Under  certain  testing  conditions,  the  eodel  and  balance  may 
vibrate  in  a  manner  determined  by  the  resonant  frequency  of  the  model- 
balance-support  system  and  the  aerodynamic  characteristics  of  the  model. 
These  vibrations  cause  corresponding  a-c  voltages  to  be  superimposed 
on  the  d-c  output  of  the  strain  gages,  which  in  turn  cause  the  self¬ 
balancing  potentiometers  to  oscillate  about  their  average  values.  An 
effective  device  to  damp  these  oscillations  consists  of  a  drag-cup 
generator  circuit  and  a  filter  or  tuned  amplifier  circuit. 

* 

The  drag-cup  generator  is  a  special  device  which  generates  a 
voltage  proportional  to  shaft  angulaf  vdlocity  having  V  frequency  equal 
to  the  field  frequency  and  independents  of  angular  velocity.  This  gene¬ 
rator  is  connected  to  the  self-balancing  potentiometer  dial  by  a  fric¬ 
tion  drive,  and  consequently  it  generates  a  voltage  which  is  propor¬ 
tional  to  a  velocity  when  the  instrument  is  moving.  The  generator 
field  and  potentiometer  drive  motor  are  both  supplied  with  60-cps  ex¬ 
citation.  Since  the  phase  of  the  generator  is  adjusted  to  oppose  the 
driving  voltage  present  in  the  potentiometer  amplifier,  the  addition 
of  the  generator  voltage  to  the  amplifier  voltage  tends  to  reduce  or 
cancel  the  latter  and  reduce  the  motor-drive  torque.  This  reduction 
of  torque  is,  in  effect,  a  damping  of  the  oscillations  of  the  instru¬ 
ment.  This  section  of  the  damping  unit  is  effective  for  oscillations 
of  the  order  of  1  or  2  cps. 

An  RC  filter  which  is  tuned  to  60  cycles  and  has  an  approxi¬ 
mate  band  width  of  one-half  cycle  attenuates  the  oscillations  whose 
frequencies  are  greater  than  2  cps. 


9.1.2  Measuring  Bridges 

In  the  discussion  of  measuring  bridges  for  strain-gage  signals, 
presented  in  Subsecs.  3.1  and  3.2,  it  was  pointed  out  that  an  a-c  bridge 
is  preferred  for  both  strain-gage  and  pressure  transducer  signals.  The 
use  of  an  a-c  carrier  for  the  signal  eliminates  errors  from  thermo-elec¬ 
tric  and  contact  potential.  In  addition,  if  the  strain-gage  bridges 
are  fed  from  the  same  transformer  which  supplies  measuring  bridge  volt¬ 
ages,  no  regulation  is  needed  on  the  voltages.  Figure  9-3  shows  an  a-c 
bridge  circuit,  whose  parts  are  identified,  and  Fig.  9-4  shows  the  basic 
circuit  for  d-c  measurements.  The  d-c  measuring  bridges  are  used  for 
measuring  voltages  from  thermocouples,  electromagnetic  potentiometers, 
and  pressure  transducers. 

9.2  Analog-to-Digital  Conversion 


The  major  difference  in  the  many  force-measuring  systems  pres¬ 
ently  in  use  is  in  the  analog-to-digital  conversion  features. 


At  the  OAL  facility  the  high-speed,  analog-to-digital,  elec¬ 
tronic  converter  (ADHEC)  described  in  Subsec.  3.7.2  is  employed.  This 
is  a  null-balance  converter  which  measures  a  60-cycle  analog  voltage 
output  from  a  bridge  circuit.  This  voltage  may  be  in  the  range  of  0-15 
to  0-75  r  for  a  full  scale  reading  of  10,000  units.  A  four-digit  out¬ 
put  from  che  ADHEC  is  fed  directly  to  an  IBM  lister  and  card  punch  and 
indicated  on  a  bank  of  neon  lighted  numerals.  A  typical  (OAL)  force- 
measuring  system  is  shown  in  Fig.  9-6. 
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At  the  WADC  facility  the  digital  converter  takes  the  reading 
from  a  standard,  precise,  self-balancing  potentiometer  and  transmits 
it  to  a  standard  punch  card  machine  and  also  to  a  plotter  if  the  latter 
is  desired.  In  principle,  this  converter  (Fig.  9-5)  simulates  a  four- 
wheel  mechanical  counter  and  converts  shaft  position  into  electrical 
contact  settings.  Contact  arms  are  attached  to  the  counter  wheels  and 
are  normally  out  of  engagement  with  the  stationary  contact  plates.  At 
readout,  a  rotary  solenoid  is  energized  so  that  a  star  wheel  is  posi¬ 
tioned  to  align  the  rotating  contact  arms,  and  after  alignment  the  con¬ 
tact  plates  are  moved  to  close  with  the  rotating  contact  arms.  The 
circuitry  can  be  arranged  so  that  current  flows  through  the  contacts 
only  after  closure  and  is  cut  off  prior  to  opening.  This  arrangement 
results  in  a  greatly  extended  life  and  low  driving  torque,  less  than 
1/8  inch-ounce. 

At  the  BRL  facility  an  analog  digitizer  and  memory  system 
are  shared  by  two  tunnels  which  have  their  own  data  input,  output,  and 
control  systems.  The  electrical  input  signals  from  the  tunnel  using 
the  equipment  are  taken  to  the  converter  room  where  they  are  converted 
to  shaft  rotations.  Three  uses  are  made  of  the  shaft  angular  positions: 
1)  They  are  repeated  in  the  tunnel  control  room  by  means  of  synchro  re¬ 
peaters.  2)  They  operate  the  analog-to-digital  converters.  3)  They 
drive  the  plotters. 


The  analog-to-digital  converters  Include  a  relay  memory,  so 
that  when  the  "read"  button  is  pushed,  the  digital  counts  in  all  eight 
channels  are  stored  simultaneously  in  the  eight  memory  units.  They  are 
then  read  out  in  sequence  from  the  memory  units  to  the  flexowriter, 
which  prints  one  line  of  data.  Solenoid  brakes  halt  the  signal  servos 
during  the  fraction  of  a  second  needed  for  the  system  to  fill  the  memory 
units. 


Figure  9-7  is  a  photograph  of  one  channel  in  which  the  various 
parts  are  identified.  The  wiring  diagram  of  the  analog-to-digital  con¬ 
verter  is  shown  in  Fig.  9-8.  The  input  shaft  rotation  drives  the  slider 
of  a  hellpot  with  a  single  center  tap.  This  results  in  a  resistance 
proportional  to  the  absolute  value  of  the  shaft  rotation  from  mid- 
position. 


Assuming  that  the  signal-measuring  potentiometer  and  this 
center-tapped  input  potentiometer  are  linear,  the  result  is  an  input 
resistance  proportional  to  the  absolute  value  of  the  electrical  input 
signal.  The  analog-to-digital  converter  is  simply  a  Wheatstone  bridge, 
which  balances  this  input  resistance  by  shorting  out  some  of  a  set  of 
16  resistors  in  the  measuring  arm  of  the  Wheatstone  bridge.  These  16 
measuring  resistors  are  precision  resistors  having  ratios  of  1,  2,  4, 

8;  10,  20,  40,  80;  100,  200,  400,  800;  1000,  2000,  4000,  8000.  Thus 
the  readout  consists  of  noting  which  resistors  are  not  shorted  after 
the  balance  is  obtained.  The  readout  occurs  in  binary-decimal  form. 

A  completed  reading  is  made  in  about  7.5  sec,  so  that  readings  can  be 
taken  at  8-sec  intervals. 


This  system  operates  successfully  and  has  materially  shortenec 
the  running  time  required  for  each  test  at  BRL.  It  requires  only  one  ox 
two  operators  and  thereby  allows  the  rest  of  the  tunnel  crew  to  prepare 
for  the  next  model  change. 


Oae  Bodern  systea  (Ref.  256)  scans  autoaatically  and  switches 
each  channel  electronically  into  an  analog-to-digital  converter  which 
operates  at  rates  up  to  2000  sanples  per  second.  The  output  is  a  12- 
digit  binary-coded  decinal  nunber  and  sign.  This  information  is  in- 
pressed  on  an  electronic  shift  register  which  transfers  it  to  a  nagnetic 
tape  and  then  to  punched  cards.  The  system  is  depicted  in  Fig,  9-9, 
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A  Zeroing  Helipot  (to  compensate  for  transducer  unbalance) 

B  Helipot  (for  zeroing  servo-systea) 

C  Low-Gain  Brown  Servo  Amplifier 
D  Brown  Servo  Motor 

E  Six  Volt  Strain-Gage  Power  Supply  (with  ground  point  through 
symmetric  resistors;  prevents  drawing  of  excessive  current 
If  strain-gage  lead  grounds  out) 

F  Winding  of  0.2  v  (to  supply  bridge) 

G  Plug-in  Calibration  Resistor  (normally  set  to  give  30  mv 
across  bridge,  allowing  for  signal  levels  to  +15  mv) 

H  Measuring  Helipot  (15  turns  of  smooth  single  wire  to  give 
Infinite  resolution) 

J  Signal  Transformer  (feeds  hlgh-galn  (40X)  Brown  servo- 
arapllf ler) 

K  Servo  Amplifier 

L  Brown  Servo-Motor  (drives  measuring  Helipot) 

T  Transformer  (with  6  or  7-v  secondary  and  8  single  or  2  turn 
secondaries  for  measuring  bridge  supplies) 

Signal  Pair 


Fig.  9-3.  Wiring  diagram  of  a-c  bridge. 
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Source:  WADC 


RAW  DATA  RCCOROiNG 


Source 


One  channel  of  BRL  converter  servo 
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Fig.  9-8.  Schematic  of  BRL  analog-to-digital  converter 
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Fig.  9-9 
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10.  Pressure  Measuring  Systese 

Pressure  seasureaents  are  essential  for  nozzle  calibration, 
tunnel  operation,  and  pressure  ratio  or  pressure  coefficient  data  for 
research  and  developnent  tests  of  external  and  Internal  aerodynamics. 
Extensive  pressure  neasuresents,  hoeever,  usually  require  the  expendl' 
ture  of  such  tine  and  labor.  Many  man-hours  are  needed,  for  example, 
to  attach  all  leads  and  then  to  test  them  for  leaks.  This  time  is 
further  Increased  If  nanometers  have  to  be  read  visually  or  even  photo¬ 
graphed  at  each  setting.  Automatic  pressure-measuring  systems  are 
therefore  needed  to  avoid  excessive  tine  delays  between  test  and  eval¬ 
uation,  to  reduce  human  errors,  and  to  make  pressure  testing  as  effi¬ 
cient  as  force  testing  with  respect  to  time. 


Regardless  of  the  method  utilized  to  record  pressures  the 
entire  pressure-measuring  system,  from  orifice  to  pressure  recorder, 
must  be  designed  as  an  optimum  system  with  respect  to  response  lags 
(Subsec.  2.3.6).  This  design  should  minimize  leakage  and  should  enable 
the  maximum  number  of  pressures  to  be  recorded  and  reduced  in  a  mini¬ 
mum  time.  In  most  modern  wind  tunnels  the  automatic  pressure  reducing 
system  Is  developed  around  a  pressure  transducer  and  pressure  switch. 
However,  a  fully  automatic  device  coupled  to  a  mercury  manometer  sys¬ 
tem  has  been  shown  to  be  very  efficient.  A  pressure  scanning  valve 
has  also  found  wide  application.  Some  of  the  best  characteristics  of 
pressure-measuring  systems  that  have  been  developed  up  to  the  present 
time  are  treated  briefly  herein. 

10.1  Pressure  Transducer  Systems 


The  pressure  transducer  (Subsec.  2.3.3)  lends  itself  readily 
to  incorporation  in  a  fully  automatic  pressure  measuring  system.  The 
transducer  output  is  stable  and  linear  and  also  exhibits  minimum  hys¬ 
teresis  effects.  The  system  itself 'permits  the  rapid  collection  of 
large  quantities  of  pressure  data  with  minimum  effort  and  in  a  form 
suitable  for  machine  computation.  A  transducer  system  is  compact  and 
may  be  readily  housed  in  a  few  standard  relay  racks. 


There  are  many  ways  in  which  a  system  may  be  designed.  It 
can  utilize  a  single  transducer  for  each  pressure,  or  a  multiple  switch 
in  combination  with  a  transducer  to  allow  it  to  sample  many  pressures 
in  one  cycle.  By  means  of  an  electrical  switch,  one  channel  may  sample 
many  such  transducer  systems  in  a  single  cycle.  Details  of  several 
proven  systems  may  be  found  in  Refs.  255  and  258  to  263.  Only  a  genera¬ 
lized  description  of  such  systems  can  be  presented  herein,  since  the 
quantitative  element  selected  for  a  system,  and  hence  the  design  of  any 
system,  is  usually  determined  by  the  use  for  which  it  is  intended. 

A  typical  transducer  system  is  shown  in  Fig.  10-1.  Each  trans¬ 
ducer  in  this  system,  one  of  which  is  shown,  consists  of  a  beryllium 
copper  bellows  attached  to  a  steel  frame,  with  a  hardened  steel  cone  on 
the  free  end.  The  cone  engages  a  conical  depression  in  the  end  of  a 
cantilever  which  is  equipped  with  strain  gages.  At  assembly  the  bellows 
is  compressed  by  the  cantilever  to  the  equivalent  of  about  35  in.  Hg. 

This  initial  compression  allows  the  transducer  to  be  used  for  measure¬ 
ment  of  vacuum  as  well  as  pressure.  The  pressure  range  of  the  18  trans¬ 
ducers  in  the  system  is  0  to  100  in.  Hg  abs.  Each  of  the  transducers  is 
connected  to  a  channel  of  an  analog-to-digital  converter  which  converts 
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the  strain-gage  signal  to  digital  fora.  A  pressure  switching  systes 
allows  the  neasurement  of  four  model  pressures  and  a  reference  pres¬ 
sure  on  each  of  17  transducers,  with  the  eighteenth  being  used  to  mea¬ 
sure  the  test-section  stagnation  pressure  for  reference. 

The  operation  of  another  pressure  transducer  system  is  illus¬ 
trated  in  Figs.  10-2  and  10-3.  Each  transducer  in  this  system  consists 
of  a  240-ohm  bonded  strain-gage  element  developed  from  a  cylinder  and 
enclosing  a  stainless  steel  bellows  (see  Subsec.  2. 3. 3.1  and  Fig.  2-22). 
The  strain-gage  flexures  are  designed  for  10,000  psi  (a  stress  consider¬ 
ably  lower  than  usual  in  strain-gage  practice)  in  order  to  reduce  hys¬ 
teresis  and  to  avoid  nonlinearity  by  limiting  the  bellows  extension  to 
0.002  in.  at  full  design  pressure.  Each  transducer  is  connected  to  its 
own  measuring  servo  which  consists  of  a  self-balancing  a-c  potentiometer 
having  two  measuring  ranges,  5  and  10  mv.  Outputs  of  the  servo  go  to  a 
four-digit  visual  counter  and  to  a  four-wheel,  decimal,  shaft,  analog- 
to-digital  converter  shown  in  Fig.  9-5  and  described  in  Subsec.  9.2. 

Figure  10-2  shows  the  flow  diagram  for  the  98-channel  pres¬ 
sure  data  system  and  Indicates  the  principal  control  circuits  and  the 
IBM  readout  circuits.  The  system  is  divided  into  7  groups  of  14  chan¬ 
nels  each.  When  readout  is  Initiated,  the  servo  freeze  control  is 
activated  and  opens  one  phase  of  each  of  the  98  balancing  servo-motors, 
thus  stopping  all  the  servos  and  storing  the  data.  A  change  in  test 
conditions  may  be  started  at  this  point  without  altering  the  stored 
data.  The  control  unit  next  energizes  the  first  of  the  7  group  control 
lines,  closes  the  readout  contacts  on  the  first  group  of  14  digital  con¬ 
verters,  and  signals  the  IBM  summary  punch  to  read.  The  punch  records 
a  9-diglt  test -condition  Identification  number,  a  single-digit  group 
identification  number,  and  14  four-digit-plus-sign  items  of  data,  thus 
completely  filling  the  80-digit  IBM  card.  Upon  completion  of  the  first 
card,  the  summary  punch  signals  the  control  unit  which  drops  out  the 
first  group  control  circuit,  energizes  the  second,  and  signals  the  punch 
unit  to  read  another  card.  This  process  is  repeated  for  7  cards  in  ap¬ 
proximately  10  sec.  The  control  circuits  are  arranged  such  that  any 
group  or  groups  may  be  omitted  if  desired. 


The  system  depicted  in  Fig.  10-3  is  housed  in  four  standard 
19-in.  relay  racks.  Two  complete  servo  units  are  mounted  in  each  rack  V 

panel  such  that  each  of  three  bays  contains  28  servos,  any  pair  of 
which  may  be  removed  for  servicing.  The  fourth  bay  contains  one  group 
of  14  servos  plus  the  control  unit.  The  transducer  bank  and  its  asso¬ 
ciated  three-way  solenoid  valves  is  contained  in  a  temperature-controlled 
steel  box  mounted  within  the  pressure  cabin  atop  the  plenum  chamber  of 
the  wind  tunnel.  Pneumatic  connections  between  the  transducers  and  the 

model  orifices  can  thus  be  made  with  reasonable  lengths  of  tubing  # 

( Subsec.  2.3.6) . 


10.1.1  Switches  Used  in  Con.j unction  with  Pressure  Transducers 

The  number  of  pressures  that  may  be  sampled  in  any  given 
transducer  system  may  be  multiplied  many  fold  by  using  either  electrl-  # 

cal  switching  or  pressure  switching.  In  the  first  case  a  transducer  is 
provided  for  each  pressure  and  several  transducers  in  sequence  are  con¬ 
nected  electrically  to  each  converter.  In  the  second  case  several  pres¬ 
sures  are  introduced  sequentially  to  the  transducer.  The  electrical 
switching  system  would  represent  a  saving  of  time  since  one  pressure 


•  •  • 
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stsbillzstion  period  would  be  required  for  each  sequence.  This  system, 
however,  would  be  more  costly  since  transducers  are  expensive  and  a 
great  many  more  would  be  required.  In  most  systems  in  operation  at 
present  a  combination  of  both  types  of  switching  is  employed. 


The  simplest  pressure  switching  system  consists  of  pneumatic 
clamps  applied  to  the  leads  by  means  of  <;olenoid  valves.  Operation  of 
the  clamps  in  the  desired  sequence  is  cent  -oiled  by  an  automatic  pro¬ 
grammer.  In  conjunction  with  the  prograi>iri>.>r,  a  manual  switching  ar¬ 
rangement  can  be  used  to  calibrate  or  alter  the  sensitivity  of  the 
analog-to-digital  converter  for  each  test.  A  schematic  of  the  system 
is  shown  in  Fig.  10-4. 

A  commercial  pressure  scanning  valve  available  (from  General 
Design  Co.,  San  Diego,  Cal.)  with  many  modifications  has  been  widely 
used  in  wind-tunnel  pressure  tests.  This  valve  is  shown,  both  assembled 
and  disassembled,  in  Fig.  10-5.  The  assembly  consists  of  a  wafer  with 
12  input  taps  and  1  output  tap  located  around  the  periphery,  a  slotted 
rotor,  a  spring  washer,  and  a  hold-down  ring.  An  annular  groove  in  the 
wafer  is  connected  to  the  output  tap  only.  The  slot  in  the  rotor  con¬ 
nects  any  single  input  tap  to  this  annular  groove.  The  mated  surfaces 
of  the  wafer  and  the  rotor  are  lapped  to  provide  good  sealing  surfaces. 
The  spring  washer  and  the  hold-down  ring  provide  a  positive  pressure 
against  the  rotor  to  prevent  air  leakage  between  the  mated  surfaces. 

This  small  slot  in  the  lapped  surface  of  the  scanning  disk  (wafer)  plus 
space  adjacent  to  the  transducer  diaphragm  represents  a  very  slight  in¬ 
crease  in  the  volume  occurring  for  each  tube  selection  that  is  made  (in 
some  cases  as  little  as  0.0006  cu  in.).  This  affords  an  extremely  rapid 
response  and  an  insignificant  error  due  to  the  residual  pressure  in  the 
slot . 


Figure  10-6  shows  a  pressure  selector  switch  assembly  with 
three  wafers  Installed.  Three  standard  12-position  wafer  switches  are 
used  to  position  the  three  rotors,  supply  electrical  information,  and 
switch  in  connecting  devices.  A  12-position  Ledex  rotary  actuator 
selects  the  desired  pressure.  With  this  valve  system  it  should  be 
pointed  out  that  the  metal-to-metal  seal  between  the  rotor  and  the 
wafer  may  leak  air  at  high  pressures.  It  is  therefore  unwise  to  use 
the  switch  for  any  application  where  pressures  greater  than  10  psig 
are  encountered  unless  pressure  is  applied  to  one  side  of  the  pressure 
scanning  disk. 


The  valve  unit  which  is  employed  for  the  CAL  pressure  measur¬ 
ing  system  is  1-1/4  in.  in  diameter  and  1-3/4  in.  long.  This  unit  mea¬ 
sures  48  pressures  with  the  use  of  one  transducer.  Six  of  these  units 
are  geared  together  and  actuated  by  a  common  rotary  solenoid  stepping 
motor.  The  pressures  are  switched  by  means  of  two  lapped  surfaces  in 
the  valve,  one  of  which  contains  a  slot  which  connects  each  of  the  pres¬ 
sures  in  turn  to  the  integral  flush  transducer.  Total  volume  in  the 
scanning  chamber  is  less  than  0.002  cu  in. 


10.1.2  Performance  Characteristics  of  Pressure  Transducer  Systems 


The  accuracy  of  any  system  is  determined  principally  by  the 
accuracy  of  the  individual  transducers.  For  one  system  (Fig.  10-2)  in 
which  all  transducers  were  carefully  calibrated  the  total  average  error 
was  below  0.1“!^  of  the  reading  down  to  10^  of  the  full-scale  value. 
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Below  10^  of  full  scale  the  error  becoaes  too  difficult  to  deteralne. 
The  aeasurlng  servo  is  usually  accurate  to  within  +0.03^  of  full  scale. 

If  the  pressure  transducers  are  subject  to  teaperature  drifts 
it  is  advisable  to  enclose  thea  in  steel  cans  to  keep  tbea  at  a  con¬ 
stant  teaperature.  At  one  facility  the  transducers  and  switches  are 
contained  in  an  oven  which  aaintalns  the  teaperature  constant  to  with¬ 
in  a  few  degrees. 

A  comparison  of  data  for  a  pressure  test  between  readings  on 
a  multi-tube  manometer  and  the  transducer  system  (Fig.  10-1)  for  1065 
individual  pressures  gave  an  average  over-all  absolute  difference  of 
0.17  in.  Hg.  During  the  test,  the  complete  cycle  time  was  run  at  75, 
55,  and  38  sec,  and  only  small  differences  were  due  to  the  changes  in 
the  lead  systems.  The  time  required  to  record  a  cycle  of  pressures  de¬ 
pends  to  a  great  extent  upon  the  time  required  for  the  Individual  pres¬ 
sures  to  stabilize.  In  many  cases  while  one  pressure  in  a  scanning 
valve  is  being  sampled  the  next  is  already  stabilizing.  In  one  typical 
system  having  100  leads,  for  example,  the  punch  cycle  is  0.6  sec,  of 
which  0.5  sec  is  available  for  pressure  stabilization.  Where  the  pres¬ 
sures  are  much  lower  or  the  changes  greater,  the  stabilization  time  may 
be  of  the  order  of  several  seconds. 


Depending  on  the  choice  of  transducer  element,  systems  may  be 
used  with  a  high  degree  of  accuracy  for  the  measurement  of  pressures 
from  a  few  millimeters  (Ref.  261)  to  several  atmospheres.  At  ABHA  hys¬ 
teresis  effects  in  low-pressure  measurements  were  minimized  for  the 
Wiancko  5-psla  gage  by  maintaining  the  pressure  measurement  level  for 
about  30  min  prior  to  use.  The  differential  pressure  and  therefore 
the  leakage  may  be  greatly  reduced  by  enclosing  the  system  in  the  wind- 
tunnel  structure  and  venting  the  enclosure  to  test-section  static 
pressure. 


10.1.3  Unique  Features  in  Pressure  Transducer  Systems 

Many  facilities  employ  unique  design  features  in  their  sys¬ 
tems  in  order  to  make  them  more  versatile,  to  suit  special  circumstances, 
or  to  obviate  certain  general  or  specific  problems.  These  features, 
whose  details  may  be  found  in  Refs.  255  and  258  to  263,  are  worthy  of 
special  note. 


10.1.3.1  Automatic  Zero  Balancing 

At  the  WADC  transonic  tunnel  a  solenoid  clutch  and  associated 
circuits  are  provided  in  order  that  the  entire  system  may  be  automati¬ 
cally  zero-balanced  with  a  single  push  button  command  without  reducing 
the  tunnel  speed  to  zero.  Each  transducer  is  connected  to  a  three-way 
solenoid-operated  valve  such  that  the  active  sides  of  the  transducers 
may  be  vented  to  the  reference  pressure  on  command,  thus  establishing 
zero  differential  pressure  across  each  transducer.  The  same  balancing 
command  operates  the  solenoid  clutch  in  each  servo  and  also  removes  the 
measuring  potentiometer  from  the  signal  circuit.  The  servos  then  drive 
the  balancing  potentiometers  to  null  the  zero-pressure  output  signals 
from  the  transducers.  If  the  solenoid  valve  circuit  is  interrupted, 
the  zero-balance  command  can  be  used  to  suppress  the  system  to  zero  out¬ 
put  at  the  pressure  level  existing  when  the  zero-balance  command  is 
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inltisted.  However,  the  1000-count  electrics!  zero-suppression  is 
usually  euployed  for  reading  pressures  which  say  be  both  positive  and 
negative  during  a  run.  The  schesatic  of  the  systes  incorporating  this 
device  is  shown  in  Fig.  10-2. 

10.1.3.2  Cathode-Ray  Manoweter  Sisulator 

A  cathode-ray  tube  has  been  used  to  provide  a  visual  picture 
of  pressure  distribution  over  any  desired  portion  of  the  nodel  or  wind- 
tunnel  test  section.  The  cathode-ray  tube  displays  the  analogs  fros 
sose  of  the  servos  in  the  fora  of  pulses  which  sinulate  the  appearance 
of  a  sanoeeter  bank.  Each  of  the  98  neasuring  servos  in  this  systew 
is  equipped  with  an  analog  generating  potentloseter  which,  when  con¬ 
nected  to  a  stable  d-c  voltage  source,  will  provide  a  voltage  for  dis¬ 
play  as  a  pulse  on  a  21-in.  cathode-ray  indicator.  A  teleaetering  type 
coaautating  switch  connects  any  60  of  the  analog  voltages  in  sequence 
to  the  vertical  deflection  circuit  of  the  Indicator  and  also  provides 
a  synchronizing  pulse  at  the  start  of  each  scan  such  that  the  60  pulses 
appear  on  the  screen  with  heights  proportional  to  the  60  pressures. 

The  pressures  aay  be  selected  for  display  in  any  order  by  aeans  of  a 
patch  panel  in  the  control  unit,  and  rapid  change-over  froa  one  display 
to  another  nay  be  effected  by  reaovlng  a  wired  60-pin  cannon  connector 
and  replacing  it  with  a  connector  wired  for  a  different  display.  The 
schenatlc  of  the  systen  incorporating  this  useful  device  is  shown  in 
Fig.  10-3. 


10.1.3.3  Internal  Manoaeter 


An  Internal  autonatic  pressure  neasuring  systen  developed  at 
CAL  has  units  of  three  transducers  housed  within  a  3-in.  long,  2-7/8-in. 
cylinder.  Each  unit  neasures  100  pressures  by  use  of  pressure  switches 
(Fig.  10-6).  By  placing  these  units  inside  the  model,  very  short  lengths 
of  tubing  aay  be  connected  to  the  orifices.  Very  small  switched  volumes 
will  then  give  pneumatic  stabilization  tines  of  the  order  of  100  nsec. 

The  systen  uses  a  high-speed  data  readout  systen,  reading  data  into  IBM 
cards  at  the  punch  machine  speed  of  100  cards/nln. 

Complete  leak  and  lag  checks  are  made  prior  to  tunnel  instal¬ 
lation.  Once  the  model  is  "buttoned  up,"  it  is  unnecessary  to  disturb 
the  pressure  tubing.  This  greatly  decreases  the  possibility  of  a  nal- 
function.  The  sting  interference  and  simultaneous  force  and  pressure 
data  problems  are  eased,  since  only  a  few  electrical  leads  are  brought 
from  the  nodel. 


Although  the  transducers  being  used  (CEC-4-312)  experience  a 
zero  shift  (due  to  gravity  effects)  as  their  attitude  is  changed,  the 
output  for  a  30-deg  change  in  attitude  about  the  most  sensitive  axis 
is  less  than  1^.  However,  no  difficulties  are  expected  due  to  nodel 
vibrations.  To  minimize  zero  shifts  and  changes  in  transducer  sensi¬ 
tivity  with  temperature,  the  units  are  placed  within  temperature-con¬ 
trolled  jackets. 

10.2  Automatic  Digital  Recording  Manometers 


The  Automatic  Digital  Recording  Manometer  (ADRMAN)  was  de¬ 
veloped  (Ref.  264)  to  meet  the  need  for  a  rapid  means  of  reading  pres¬ 
sures  and  converting  them  into  a  suitable  form  for  high-speed  data 


•  • 
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reduction.  The  device  autoaatically  reads  the  level  of  the  liquid  in 
a  conventional  mnoaeter  and  records  it  on  im  cards. 

The  basic  unit  of  the  sanoseter  reader,  the  seniscus-trans- 
ducer  shown  in  Fig.  10-8,  is  a  siniature  photoelectric  cell,  with  as¬ 
sociated  light  source  and  optical  system,  which  travels  up  and  down  to 
scan  the  level  of  the  liquid  in  the  tube.  The  components  of  each  trans¬ 
ducer  are  mounted  in  a  small  aluminum  block  which  conforms  to  the  shape 
of  the  manometer  tube.  When  the  transducer  reaches  the  meniscus  during 
a  scanning  operation,  the  light  passes  through  the  empty  manometer  tube, 
energizing  the  photoelectric  cell  to  produce  a  triggering  pulse  which 
determines  the  relative  position  of  the  meniscus.  A  bank  of  as  many  as 
20,  100-in.  tubes  may  be  read  simultaneously  by  employing  as  fliany  trans¬ 
ducers,  the  actual  number  being  limited  by  the  number  of  available 
spaces  on  the  IBM  punch  cards  and  the  physical  size  of  the  cross  arm  on 
which  the  transducers  are  mounted.  A  schematic  of  the  model  is  shown 
in  Fig.  10-7. 


In  addition  to  any  number  of  meniscus-transducers  which  night 
be  employed,  a  counting  head  and  its  associated  light  source  and  opti¬ 
cal  system  (Fig.  10-9)  is  incorporated  into  each  bank  of  tubes.  This 
photoelectric  cell  reads  the  specific  increment  of  travel  on  a  perfo¬ 
rated  steel  tape  extending  the  full  length  of  the  manometer  board.  The 
cross  arm  upon  which  the  units  are  mounted  travels  at  20  in. /sec,  and 
as  it  does  so  the  counting-head  cell  is  alternately  sensitized  and  de¬ 
sensitized  by  the  perforations  in  the  tape.  Each  half-cycle  of  the  re¬ 
sultant  sine  wave  output,  whose  frequency  is  200  cps,  is  a  counting 
pulse  and  is  equal  to  0.050-ln.  Hg  or  unity  oil.  As  the  manometer  bank 
is  scanned,  the  movement  of  the  cross  arm  is  recorded  by  a  binary 
counter;  and  when  the  meniscus  of  a  tube  is  passed  by  its  related  trans¬ 
ducer,  the  reading  of  the  binary  counter  is  set  into  a  binary  converter. 
The  scanning  cycle  for  one  bank  of  20  tubes  is  6  sec.  The  scanning  head 
is  activated  by  use  of  cables  attached  to  air  cylinders. 

The  output  of  the  photoelectric  cell  of  the  counting  head  is 
amplified  as  shown  in  Fig.  10-10  and  used  to  drive  a  frequency-doubler 
which  in  turn  drives  a  shaper  circuit  whose  output  is  a  400-cps  square 
wave.  The  output  signal  of  the  shaper  is  fed  to  a  circuit  which  dis¬ 
criminates  between  a  usable  signal  and  stray  pulses  that  may  derive 
from  the  preceding  stage.  The  discriminator  output  is  fed  to  the  binary 
counter  and  also  through  a  signal  inverter  to  gate  tubes  which  serve  the 
manometer-tube  units. 


The  counting  system  consists  of  an  electronic  counter,  which 
is  capable  of  counting  to  999,  and  decoupling  networks.  The  output  of 
the  counter  is  fed  to  as  many  individual  decouplers  as  there  are  manom¬ 
eter  tubes,  and  these  outputs  in  turn  are  fed  to  individual  relays  in 
the  binary  converter  unit. 

The  outputs  of  the  meniscus-transducers  are  amplified,  and 
each  is  used  to  pulse  one  of  the  control  grids  of  as  many  gate-tube  cir¬ 
cuits  as  there  are  manometer  tubes.  These  gating  circuits  are  also  con¬ 
trolled  by  the  output  pulses  of  the  discriminator.  When  a  meniscus  is 
reached,  a  pulse  from  the  discriminator  appears  in  the  output  circuit 
of  the  involved  gate  tube  as  a  negative  square  wave  and  drives  a  signal- 
inverter  and  trigger  stage.  The  output  signal  of  the  trigger  is  differ¬ 
entiated  and  the  resultant  pulse  is  fed  to  all  the  relay  control  tubes 
in  the  binary  converter  unit. 
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Vhen  the  control  grid  of  any  relay  control  tube  of  the  con¬ 
verter  is  pulsed  by  the  binary  counter  while  being  pulsed  by  the  trig¬ 
ger,  a  relay  in  the  plate  circuit  of  that  tube  closes  to  permit  the 
IBM  to  read  out.  With  the  proper  selection  of  contacts  on  the  relays, 
it  is  possible  to  set  up  closed  circuits  for  all  digits  required,  i.e., 
zero  to  nine. 


m 


When  the  AORMAN  is  used  in  conjunction  with  a  force  and  pres¬ 
sure  balance  (Subsec.  2.6.1),  the  necessary  computations  for  each  point 
are  completed  in  approximately  30  sec,  using  an  IBM  CPC  for  on-line  data 
reduction,  thus  enabling  the  test  engineer  to  make  any  necessary  modi¬ 
fications  in  the  parameter  ranges. 


It  is  sometimes  desirable  to  have  a  single  manometer  to  mea¬ 
sure  a  pressure  which  differs  widely  from  the  remaining  pressures  in  a 
test  or  which  cannot  be  included  in  the  transducer  system  for  reason  of 
its  location.  Those  pressures  which  may  be  read  on  a  manometer  Include 

supply  pressure,  model  base  pressure,  or  diffuser  pressure.  A  remote  • 

reading  manometer  devised  at  JPL  for  such  a  purpose  employs  a  servo- 
driven  photo-cell  which  follows  the  mercury  meniscus  and  remotely  oper¬ 
ates  a  counter  by  means  of  a  second  servo.  The  pressure  may  be  directly 
digitized  from  the  drum  that  drives  the  photo-cell  up  and  down  the  tube. 


•  • 
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Cantilever  Beam  Pressure  Clamp 


Pressure  Hessurlng  Srstess  Fig.  10-1 


Bellows  Strain-Gage  Bridge 


Fig.  10-1.  OAL  pressure  transducer  console 


Measuring  Units  Solenoid  Pressure 

Switch 
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Fig.  10-5.  Boeing  12-point  pressure  selector  valve  wafer  assembly 
Source;  Boeing  Aircraft  Co. 


Fig.  10-6.  Boeing  12-point  pressure  selector  switch  assembly 
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Mach  nuaber 

deteralnatlon  by  aeans  of 
conical  probes,  50 
stagnat ion  pressure,  50 
static  pressure,  49 
visual  aeans,  55 
wedges,  54 
effect 

on  stagnation  pressure  aeasure- 
aent,  11 

on  static  pressure  aeasureaent,  6 
Hach-Zehnder  interferoaeter,  322ff 
Magnus  forces,  194ff 
asnoaetar  (see  also  aicrosanoaeter) , 
21ff 

accuracy  of,  27 

autoaatic  digital  recording,  425 
cathode  ray  siaulator,  425 
errors,  staple  systea  (see  also 
error,  aanoaeter),  27ff 
fittings,  23ff 
fluids,  23ff 
inclined,  22 
Internal,  425 
leads,  25 
leaks,  26 
scales,  30 
servicing,  30 
tubing,  24 

McLeod  pressure  gage,  32 
aeniscus-capillary  errors,  28 
aeniscus  transducer,  426 
aercury-vapor  light  source,  312 
Merriaa  Unity  oil,  24 
aicro-balance,  183 
Blcronanoaeter,  31ff 
barn-gate,  35 

Cole's  low  pressure  (aultiaanoaeter) , 
31 

concentric  tube  (aultiaanoaeter),  34 

Flow  Corporation,  33 

Fosboro,  34 

McLeod,  32 

KACA,  33 

precision  aercury,  32 
precision  oil,  32 
precision  theraistor,  33 
single-tube,  35 
sidierlcal  float,  34 

Birr or 

interferoaeter,  324 
schlieren,  314 

Bodel 

aerodynaalc  surfaces,  aounting  of, 
375 

body  sections.  Joining  of,  375 
construction  techniques,  374 
design,  371 
half,  188 
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Mterlsl*.  374 
NACA  (XN-lO),  148 
■Is*  lleltstlons,  364 
■psrM,  r«eulr«MiBta  for,  374 
supports,  67 

■urfscsrs  and  flllsrs,  376 
■odulus,  ssctlon,  dsflnltlon  of, 

■OMBt 


bsodlBg,  144,  178 
hlngs,  178ff 

pltchiBg,  149,  161,  163,  174, 
rolllBg,  145,  163,  174,  191 
ysslBg,  149,  163,  174 


140 

190 


Borasl  force,  148,  160,  163,  168, 
174,  373 
Boszle 

csllbrstloo  equlpseot,  55 
flexible,  56 
llaesr  actuators,  55ff 
Muss* It  Busber,  282 


off-line  data  taklog,  406 
oil 

Merrlas  uolty,  24 
volatile,  334 
OltroBlz  dasposeter,  135 
oB-lloe  data  taklBg,  406,  424 
orifices,  pressure,  6,  13,  14,  45, 
S3,  65,  376 


perfect  gas,  3 
coBStaot,  R,  3 
equatlOB  of  state,  3 
photography,  315,  317,  321,  328,  331 
Plranl  pressure  gage,  33 
pitch,  dynaslc,  188 

half-sodel  techolque,  188 
three-dlsensloaal  sodel,  190 
plug,  caanoB,  143 
PolssoB's  ratio,  119 
Polhausen  (recovery  factor  In  laslnar 
flow),  282 

potentloaeter,  140,  203,  408 
Prandtl  ousber,  280 
precision,  definition  of,  117 
Precision  sanoeeters  (see  slcro- 
■anoseter) 
pressure 

base,  150,  173 
Indicators 

hydrostatic  (see  also  sanoeeter), 
21 

■echanlcal  (see  also  gages),  35 
transducers,  36 
■easureaent  of,  2,  4,,  421 
autosatlc,  421 
definition  of,  3 
non-steady,  9 

ratio  through  a  shock  wave,  6 
■easurlng  systess,  421ff 

■anoseter  (see  mnoaeter  and 
■Icroaanoeiet  er  ) 
transducer 

autoastlc  zero-balancing,  424 
cathode-ray  sanoseter  slaulator, 
425 

Internal  sanoaeter,  425 


stagaatlon,  llff 
definition  of,  11 
entrained  particles,  20 
errors,  4 

Indicating  instruaents,  21 
Mach  nuaber,  supersonic,  11 
■easureaent  of,  11 
at  low  density,  20 
near  a  wall,  15 
probe,  shrouded,  12 
pulsations,  periodic,  19 
turbulence,  18 
velocity  gradients,  13 
viscosity,  12 
yaw,  12 
static,  4,  56 
definition  of,  3 
effect  of  Mach  nuaber,  6 
errors,  5 
surveys 

bodies  of  revolution,  65 
thin  surfaces,  66 
transducers,  21,  36,  408 
probe 

free-aolecule,  41 
■ass-flow,  42 
■Isallgnaent,  5,  9 
pltot-statlc,  50,  53 
positioning,  64 
response  tlae,  43 
spacing,  3,  12 
stagnation  pressure,  12ff 
fast  response,  17 
Kiel,  12 

shrouded,  11,  12 
Stanton,  IS 
static  pressure,  4ff 
conical,  50 
HPt,  5 
Prandt  1,  5 
spherical,  10 
wedge-shaped,  10 
teaperature,  279ff 
design  of,  284ff 
Franz,  285 
Pratt-Whltney,  286 
radiation  effect  on,  282 
Winkler  (NOL),  286 

Rayleigh  foraula,  11 
recorders,  Bristol  wide-strlp,  291 
recovery  factor,  292ff 
definition  of,  280 
In  laalnar  flow,  280 
In  turbulent  flow,  280 
reflection  plane  technique,  175 
resolution  sensitivity,  definition 
of,  117 

response  tlae,  43 

criteria  for  alnlaua,  45 
llaltatlons,  45 
of  probes,  43,  46ff 
Reynolds  nuaber  effect 

on  boundary- layer  tranaltlon,  351 
on  static  pressure,  10 
on  turbulence,  358ff 
roll,  aeasureaent  of  dynaaic,  191ff 
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Seurlnen  niBh-teepernture  ceaeat,  290 
scalM,  aanoaeter,  30 
Schaevlta  tranaforner,  194 

for  axial  force  aeaaureaeot,  149 
for  akla  frlctloa  balaace,  184 
achllerea  ayatee,  307 
caaera,  318 
color,  318,  381 
double  alrror,  310 
grating  acreen,  312 
leas,  coadenaer,  313 
light  source,  312 
alrrors,  field,  313 
Bultlple-source,  310ff 
seasltlrlty  of,  316 
control  silt,  319 
Slagle  alrror,  309ff 
variations  of,  309 
elndoes,  test  section,  314 
Scotch- llte  screen,  306 
Bhadoegraph,  304ff 
shock  wave 

effect  on  stagnation  pressure,  11 
reflection,  371 
side  force,  163,  174 
size,  Bodel,  364 
skln-frlctlon  balance,  184 
slip  floe,  46 
spark  source,  307 
splitter  plate,  375 
Sprague-Vltaaln  Q  condenser,  333 
stability,  dynaalc,  aeasureaents 
of,  184ff 

for  fixed  aodel,  187 
for  Bovlng  aodel,  185 
stagnation  pressure  aeasureaent  (see 
also  pressure),  llff 
Stanton  nuaber,  282 
experlaent,  116 
probe,  15 

static  pressure  aeasureaent  (see 
also  pressure),  4ff 
steady-flow  equation,  3 
Stefan-Boltzaann  constant,  283 
stea  conduction,  282 
sting  Interference,  155 
Stokes  flow 
creeping,  15 
sphere,  about  a,  13 
strain  gage,  119ff 
application,  122 
balance  (see  balance) 
ceaents,  131 
circuits,  typical,  129 
creep,  134 

errors  (see  also  error,  strain 
gage),  130 
hysteresis  In,  121 
Instruaentat ion,  123 
aanufacturers,  121 
aaterlals,  120 
aolsture-proof Ing,  122 
resistive  type,  119 
teaperature  coapensated,  130 
testing,  123 

tolerances,  aanufacturing,  134 
use  at  high  teaperature,  135 


atraaa  praaaura,  Indicated,  8 
aupporta 
drag,  181 

force  and  preaaura,  98ff 
preaaure  aodel,  67 
reaote  roll  Indexing,  181 
aurfacera  and  fillers,  376 

tap  error,  static  aeasureaent,  5 
Taylor-Maccoll  cone  theory,  S4 
teaperature 
adiabatic,  279 
drift,  424 
aeasureaent  of,  288 
probe,  279,  281 
stagnation,  279 
static,  279 
theraocouple,  286ff 
Instruaentat ion,  286 
theraoaeters,  284 
theraoaetry,  themo-electrlc,  287 
tberaopile,  290 
transducer 

aenlscus,  426 
pressure,  21,  36,  408 
accuracy  of,  421 
calibration  of,  39 
Hagan,  40 

manufacturers  of,  37 
OSU,  40 

use  of,  37ff,  41 
WADC,  37 ff 
tubing,  glass,  24 
tunnel  blockage,  363 
turbulence 
effects 

on  measurement,  351 
on  probe  temperatures,  283 
on  stagnation  pressure,  18 
on  static  pressure,  6,  8 
Intensity  of,  351 
measurement  of,  352 
minimum,  methods  for,  357 
scale  of,  351 
screens,  357 

valve  scanning,  421 

Boeing  pressure,  22,  423 
solenoid,  423 

vapor  screen  technique,  330ff 
Variplotter,  407 
Veeder-Root  counter,  32 
velocity  gradient,  effect  on  static 
pressure,  9,  11,  13 
velocity-measuring  devices 
corona  anemometer,  356 
hot-wire  anemometer,  354 
viscosity  effect  on  stagnation  pressure 
measurement,  12 

Wheatstone  bridge,  123,  409 
windshield  interference,  154 
wind  tunnel 
design,  155 

testing  requirements  for  strain-gage 
design,  135 
windows,  314,  325 
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mftmct  oa  etagiiatloB  preeaure 
aaaaaraeaat,  12 

aaro  balaactog,  424 

aaro  ablft,  traaaducar,  42S 
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001  A.S.M.E.  Power  Test  Codes  "Instruments  and  Apparatus." 

Part  I,  General  Considerations,  1935. 

Part  II,  Temperature  Measurements,  Chapt.  1,  General,  1931. 

Part  III,  Temperature  Measurements,  Chapt.  3,  Thermocouple,  Ther¬ 
mometers  or  Pyrometers,  1940. 

002  Dlederiche  and  Andrae,  Experimental  Mechanical  Engineering  Vol.  I, 
New  York;  John  Wiley  and  Sons,  1946. 

003  Den  Hartog,  J.  P. ,  Mechanics,  New  York:  McGraw-Hill  Book  Company, 
Inc.,  1948. 

004  Den  Hartog,  J.  P. ,  Mechanical  Vibrations,  New  York;  McGraw-Hill 
Book  Company,  Inc.,  1948. 

005  Goldstein,  S.,  Modern  Developments  in  Fluid  Dynamics,  Vol.  I  and 
Vol.  II,  Oxford:  Clarendon  Press,  1938. 

006  Hunsaker,  J.  C.,  and  Rightmire,  B.  G.,  Engineering  Applications 
of  Fluid  Mechanics,  New  York:  McGraw-Hill  Book  Company,  Inc., 
1947. 

007  Jean,  Sir  James,  Kinetic  Theory  of  Gases,  Cambridge:  University 
Press,  1946. 

008  Keenan,  J.  H.,  Thermodynamics,  New  York:  John  Wiley  and  Sons, 

Inc.,  1941. 

009  Keenan,  J.  H.  and  Kay,  E.,  Gas  Table,  New  York:  John  Wiley  a-\d 
Sons,  Inc.,  1948. 

010  Keenan,  J.  H.  and  Keyes,  F.  G.,  Thermodynamic  Properties  of  Steam, 
New  York:  John  Wiley  and  Sons,  Inc.,  1949. 

Oil  Liepmann,  H.  W,  and  Puckett,  A.  E.,  Introduction  to  Aerodynamics 
of  a  Compressible  Fluid,  New  York:  John  Wiley  and  Sons,  Inc., 
1947. 

012  McAdams,  W.  H.,  Heat  Transmission,  New  York  and  London;  McGraw- 
Hill  Book  Company,  Inc.,  1942. 

013  Ower,  E.,  Measurement  of  Air  Flow,  London;  Chapman  and  Hall,  1949. 
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015  Sears,  F.  W.,  Optics,  Cambridge:  Addison-Wesley  Press,  1946. 
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1930. 

107  Scarborough,  Numerical  Mathematical  Analysis,  Johns  Hopkins  Press, 

2nd  Edit.,  1950. 

108  American  Standard  Assoc.,  "Engineering  and  Scientific  Graphs  for 

Ihiblications,  American  Standards,  ASA  Z  15:3,"  published  by 
ASME  1943,  reaffirmed  1947. 


Wind  Tunnel  Instrumentation  and  Operation 


Append ixA 


109  Lieblein,  J.,  "Properties  of  Certain  Statistics  Involving  the 

Closest  Pair  in  a  Sasple  of  Three  Observations,"  Jour,  of 
Research,  Nat.  Bur.  of  Std.,  Vol.  48,  No.  3,  p.  255,  March 
1952. 

110  "Estimation  of  Experimental  Uncertainty,"  Wilson,  2:68  Notes, 
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206  White,  W.  P.,  "Potentiometers  for  Thermoelectric  Measurements." 
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211  Mulllkin,  H,  F.  and  Osborne,  W.  F.,  "Accuracy  Tests  of  the  High 

Velocity  Thermocouple." 

212  Whltesel,  H.  A.,  "Temperature  Measurements  in  Air  Conditioning." 

213  Buckland,  B.  O.  and  Stack,  S.  S.,  "Thermocouples  for  Testing 

Steam  Turbines." 

214  Dahl,  A.  I.,  "The  Stability  of  Bare-Metal  Thermocouples  in  Air 

from  800  -  2200‘’f."  • 
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216  "Steels  for  Elevated  Temperature  Service,"  United  States  Steel 

Co.,  1949. 
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Catal.  No.  31031. 

220  "Apparatus  for  Checking  Thermocouple  Pyrometers  in  Plant  and 
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Testing,"  Catal.  E,  1940. 
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223  "Type  K  Potentiometers  and  Accessories,"  Catal.  E-50B. 

224  "Menner  Thermocouple  Potentiometers,"  Catal.  E-33-A(l),  1944. 

225  "Potentiometers,"  Bulletin  No.  270.  Rubicon  Co. 

226  "Galvanometers,"  Bulletin  No.  320.  Rubicon  Co. 
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228  "Potentiometer  Pyrometers,"  Catal.  No.  1105,  1944,  Brown  Instru¬ 
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